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PREFACE 


It is hoped that tliis book will be useful to anyone (*oneerned 
with the operation and inaintenanee of Diesel enp;ines. The 
practical arraii^ 2 ;enicnt of the material should make it especially 
valuable to those wlio have had Diesel engine experience. 
However, the scientific and technical problems involved are 
discussed in su(^h a manner that they should be easily under¬ 
stood by students in tecdinical institutes, vocational schools, 
and trade courses. 

The first five chapters explain the basic principles and pro¬ 
cedures of engine operation, identify the major problems, relate 
the origin of all practical difficulties to tlie fundamentals, and 
point out the limitations of tlie design and application of the 
Diesel. The metallurgical pro))l(Mns, the basic* problems of 
operation, and the fuel-mixing problems are prescmted in tlieir 
relation to maintenanc(\ 

Anotlier five chapters cover maintenan(*e and repair pro¬ 
cedures, inspection methods, and tc'clmiques relative to piston 
and liner problems, ring problems, and liearing problems. 
Complete instructions are given for diagnosing all engine 
difficulties with reference to failures and breakage of engine 
parts, fuels and combustion, and lubrication. Check lists of 
engine troubles presented in several chapters serve as trouble- 
sliooting guides to help the operator determine the causes of 
engine difficulties and the nature of the problems invoh ed. 

The purpose is t-o explain how the operator will encounter 
these difficulties, how to reduce them to a minimuni, and how to 
keep practi(‘ally all of them under control througli tlie practit^e 
of preventive maintenan(*e, the use of good standard operating 
practice and technicpu^, and skillful maintenance methods. 
At the end of each (*hapter questions emphasizing the salient 
points of tlie suliject and references to additional sources of 
information are given. 

vii 




viii 


PREFACE 


All the problems of Diesel operation and maintenance are 
inherent in the fundamental principles. The origin of such 
problems is explained; certain theoretical considerations and 
scientific reasons for the existence of the basic problems are 
discussed and illustrated. Other limitations imposed upon the 
engine by design and metallurgical considerations, which arc 
related to maintenance and operation, are full}' presented. 
Some problem solutions required years of effort by the designer 
as he coped with the inherent difficulties in applying tlie Diesel 
engine to present-day uses. While the designer has not yet 
solved all the problems of fuel, fuel mixing, and lul)rication, 
understanding how to liandle these operating difficulties greatly 
helps the operator to get the most service and economy out of 
Ins engine. 

The material in this book grew out of a teaching experience. 
While on duty with the Navy in Alaska, the author was Ship 
Repair Officer in charge of the maintenance and repair of a 
fleet of Diesel-powered naval auxiliary ships, mine sweepers, 
tugs, and patrol craft, and experienced all kinds of operation 
and maintenaiK'e troubles. In addition, he taught Diesel 
maintenance and operation to several classes of Army and Navy 
personnel who were using tlieir own time to prepare for postwar 
employment in this growing field. This experience with several 
classes over a period of two years indicated the need for certain 
technical information by the students if they were to obtain a 
satisfactory grasp of the problems involved, and also indicated 
that this required a study of the problems themselves rattier 
than engine details. 

Accordingly, available material for instruction was analyzed 
t o determine what scientific and teclinical information slmuld be 
correlated with the principles, methods, and techniques of 
operation and maintenance. This specialized information was 
then classified according to its relation to major problems, 
organized for instructional purposes, and incorporated in a 
s('ries of lectures with illustrations. The material and instruci- 
tion methods so developed are now presented in this book in a 
manner intended to be suitable for home-study and classroom 
instruction. 


OuviLLE L. Adams, Sk. 
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CHAPTER 1 


FUNDAMENTAL PROBLEMS 


Introduction. Diesel engines, in recent years, liave been 
adapted to many new and severe uses. Inherent prol)lems of 
operation and maintenance had to be studied and solved. As 
a result, various clianges have been made in engine operation, 
in maintenance, and in the design of pistons, rings, cylinder 
liners, valves, and other operative parts. Continued progress 
and the development of new techniques promise that the 
immediate future will doubtless witness further improvements 
in Diesel engine design, and these should eliminate, to a great 
extent, most of the remaining objectionable features of operation. 

The proper approacli to the study of the Diesel involves 
certain definite considerations, whicli from the outset must 
answer two important questions: 

1. What are the advantages of the Diesel inlierent in its 
design and prin(*iple of operation? What technical develop¬ 
ments have overcome its early disadvantages? 

2. What are the limitations, the inherent disadvantages, if 
any, that have a bearing on its operation and maintenance and 
that must be considered with regard to its future development? 

The purpose of this chapter is to present, in simplified terms, 
the answers to these ciuestions. The basic characteristics of 
the Diesel engine, liow these compare with those of other prime 
movers, such as the gas turbine and the gasoline engine, and 
how tliey affect future engine development, with related prob¬ 
lems of operation and maintenance, should be understood. 

Advantages of the Diesel engine. Consider first the 
advantages of the Diesel engine. These are not far to seek: 

1. Ftiel economy. The fuel economy of the Diesel engine is 
its outstanding advantage over the Otto cycle engine or the gas 
turbine. The difference is almost always more than 20 per cent 
on the po\inds-per-brake-horsepower basis, and it frequently 

1 




FUNDAMENTAL PROBLEMS 




ICh. 1 


runs much higher. To this fact must be added that Diesel fuel 
costs less than gasoline. Then, as far as fuel is concerned, horse¬ 
power is produced by the Diesel at a lower cost than by the 




Fig. 1-1. (a) In tho pof^ition of tlu* piston shown in thi' top diagram, fuel injec¬ 

tion has taken place and combustion has begun. Mlie piston then moves downward 
and first uncovers a portion of the exhaust ports. Burned gases ar<‘ exhaust ed to 
the atniospliere. \Mien tln^ piston has moved dowuiward a small distance farthirr 
the air inlet ports are uncovered, and air from the crankcase under a slight pr(\ssur(^ 
then flows througli t he cylinder, clearing out the remainder of the burned gasi^s and 
filling th(^ cylinder with fresh air. (b) As the piston moves upward on the com¬ 
pression strok(^ t he air inlet and exhaust ports are covered and t he- entrapjied air 
is compressed. .lust before the piston reaches the top dead centi'r, fuel oil is 
injected into t he (combustion spa<ce and ignit ion begins as the piston rea.ch('s the top 
of its stroke. FIk? cycle has then been completed wdth the finisli of the second 
strokes; hence the name two-stroke cycle or two-cycle. 


gasoline engine. An equally outstanding advantage is that, at 
part loads, the Diesel engine is much more economical per horse¬ 
power hour than a gasoline engine of the same size. Although 
the Diesel engine operates better when the fuel variations are 
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held within the limits for which it is designed, it burns a wider 
variety of fuels more succ^evsstully than does the gasoline engine. 

Efficiency, The Diesel engine is the most effi(;ient of all 
internal coml)ustion engines, owing to tlie fact that it employs 
the most direct method of transforming heat energy of com¬ 
bustion to mechanical energy that has been discovered by man. 
The reason for tins will become apparent as we study the data 
presented in this book. 

S, Fire hazard. There is mu(di less fire hazard with Diesel 
than with gasoline fuel, for the Diesel fuel is not liighly inflam- 
iriable. In many applications, sindi as marine, stationary 
uses, and in the airplane, this advantage is not only desirable 
but essential. 

Maintenance troubles. The ignition system and the carbu¬ 
retor are two important sources of maintenance trouble in the 
gasoline engine that are entirely absent from the Diesel engine. 

5. Fuel distributuni and burning. A more unifoian fuel dis¬ 
tribution, with consequent uniform combustion of the fuel 
mixture, is realized in the Diesel engine tlian in other engines; 
the fuel is tlius metered in equal amounts to each cylinder hy 
the fuel injection system. 

6. Lugging ability. On account of the slower burning of the 
fuel oil in the Diesel engine, there is a mucli longer period of 
expansion of the gasc^s. This provides greater lugging ability 
than the gasoline engine. 

Disadvantages of the Diesel. There are still very definite 
disadvantages of the Diesel engine. Among these are: . 

1. Higher cost of installation. The Diesel engine naturally 
costs more to l)uy and install. This is due to the fact that it 
must have a precision-built fuel injection system, and also 
to its greater weight per brake horsepower. One of the chief 
reasons for higher costs is that a smaller number of engines are 
built, since the demand for sindi engines does not as \^et justify 
tooling the factories for mass production as is the case with 
gasoline engines. 

Diesels weigh more. The automotive Diesel is usually 
heavier than a (*omparable gasoline engine, mainly because it 
has to be sturdier and heavier to withstand the high stresses 
imposed during its operation b}^ the high compression and 
explosion pressures. The design of such engines must provide 
satisfactory fac^tors of safety for the stresses imposed when full 
power is developed. Such heavy parts as pistons, rods, and 
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shafts place a definite limit upon the revolutions per minute, 
and hence the power output. 

3. Noisy operation. The majority of Diesels are definitely 
noisy and frequently very rough in operation. This is due to 
high peak pressures and characteristics of combustion in the 
(\ylinder. 

Smoky exhaust, A very objectionable difficulty tliat lias 
existed since the early days of the Diesel has been the smoky 
exhaust. The smoke has been greatly reduced, but it is still 
no minor factor where smoke is objectionable. More efficient 
fuel injection and improved combustion should continue to 
reduce the amount of smoke in the exhaust. 

5. Starting difficulties. The Diesel will always be more 
difficult to start, than any gasoline engine. This is primaril\^ 
due to the higher compression ratio, requiring larger storage 
batteries when electrically started, as well as high-starting 
torque motors. In extremely cold weather, the difficulties are 
greatly increased. 

6. Disadvantage of heavier reciprocating parts. The Diesel 
engine is not so flexible as the gasoline engine: on account of 
the heavier reciprocating parts it does not respond to the 
throttle as quickly as does the latter. There is likewise more 
vibration in the Diesel engine than in the gasoline as a result of 
these heavier parts coupled with the higher explosion pressures. 

7. Luhricating difficulties. The Diesel operation presents 
more lubricating problems than does the gasoline. The filters 
require more frequent cleaning. The fuel oil must be efficiently 
filtered in order to remove all dust and foreign mattei’ l)efore the 
fuel is injected. The fuel injection pumps, spray nozzles, and 
valves must be protected from wear and scoring that result 
from dirt}^ fuel. Dirty fuel can also cause sticking of close-fitted 
parts of the fuel injection apparatus. 

8. Higher cost. It is obvious that for the Diesel there is a 
higher cost for service, maintenance, and parts. There are far 
too few skilled mechanics and maintenance men who are 
thoroughly familiar with the Diesel engine, and good Diesel 
experts are paid a much higher wage. This contributes impor¬ 
tantly to the over-all cost of Diesel power for small and isolated 
installations. 

Owners of Diesel engines have been willing to accept these 
annoyances and disadvantages for the sake of savings in fuel and 
operating costs, and for the other advantages of the Diesel 
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engine. This is very true in the heavy truck, tractor, bus, 
locomotive, and industrial fields, not to mention all kinds of 
marine applications. 

Great progress has been made in the design of the Diesel 
engine since its invention by Rudolph Diesel about 1893. 
As a result of a half century of development, the relative power 
output has been greatly increased, the design and construction 
greatly simplified, and its cost reduced to a basis comparable 
with that of the gasoline engine. 

Principle of operation. The high thermal efficiency or the 
low fuel consumption of the Diesel engine is ascribed to its 
principle of operation. As shown in Fig. 1-1, the piston com¬ 
presses only pure air in the cylinder, to about 500 pounds per 
square inch (psi). Tlie fuel is injected at near top dead center 
and is ignited by the heat generated by tlie compression of the 
air, around 1000° F. The resulting pressure of expansion 
forces the piston down, thus producing torque. Since the 
temperature of 1000° F is sufficient to ignite tlie fuel, no spark 
plug is needed for ignition of the air-fuel charge. 

High compression ratio. Tlie Diesel engine is more efficient 
than the gasoline engine owing to the fact that its compression 
ratio is higher. Tlic compression ratio required depends upon 
the nature of tlie fuel. In the gasoline engine tlie compression 
ratio is limited to approximately 6 to 1. If the compression 
ratio is higher than practical for the fuel used, the fuel mixture 
will ignite before the compression has been completed. This 
causes detonation. Tlie Diesel engine has a compression ratio 
of 15 to 1; this means that the air is compressed one fifteenth 
of its original volume. This also means a higher expansion 
ratio, and the more a gas expands after its combustion, the more 
power it produces, as explained by Fig. 1-2.' The net work an 
engine produces is the work of expansion minus the work of 
compression. Fig. 1-3 shows how the efficiency increases with 
compression ratio as well as with net work. 

Air-fuel ratio. In order to ignite, the air-fuel mixture in 
the gasoline engine must not vary much from the theoretical or 
chemically correct air-fuel ratio of 14.5 pounds of air to 1 pound 
of fuel, a ratio that is obtained by throttling the intake charge 
through the carburetor. Throttling the intake charge increases 
the pumping losses and the frictional resistance to the flow of 

^ The graphs in Figs. 1-2 to 1-14 are based on calculations of a 5-in. bore by 

stroke single-cylinder test engine at 800 rpm. 
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air througli the carburetor, and, at the same time, reduces the 
compression pressure. The percentage of heat losses increases 
at part load, since in the gasoline engine the temperature remains 
about as high at part load as at full load. 



COMPRESSION VOLUME RATIO 

Fi<;. 1-2. Work of oxpansioji incrrasos at a fa.stor rate than U)(' work of roin- 
pressioii as the eompressioii rat io is increased. Based on a 5" X 6" single-cylinder 
test engine at 800 rpm. 

The Diesel engine compresses a charge of pure air, and not an 
air-fuel mixture from a (^arbui'etor. This tells the reason for the 
Diesel’s fuel economy at pai*t load. With each stroke of the 
piston, the Diesel takes in a full charge of air, the amount of 
fuel injected being varied to suit the load on the engine. How 
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the Diesel air-fuel ratio varies all the way from approximately 
20 to 1 at full load to as lean as 100 to 1 at idling, (‘.ompared with 
the constant gasoline engine air-fuel ratio of 14.5 to 1, is shown 
in Fig. 1-4. This explains the chief differem^e between the 
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Fici. 1-3. Since ii(*t work incn’:ase,s with the eoinpressioii ratio, t^ftieicncy also 
increas(^s, but not at llie saiin^ rate, becau.sti of increased friction at higher compres¬ 
sion ratios. 


gasoline engine and the Diesel engine, showing that the nature 
of the charge in the (carburetor engine and that of the compres¬ 
sion-ignition engine are two different things. The carburetor 
engine requires a homogeneous charge of fuel and air of about 
14.5 to 1, with the fuel in vaporized form, regardless of the load 
on the engine. In the Diesel engine, the mixture ratio varies 
ftom a very lean to a very ricli stratified charge. Instead of 
lieing homogeneous, it is heterogeneous. The fuel is injected 
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into the cylinder of the Diesel engine in the form of a spray. 
This fuel spray varies from a dense liquid core to a thin fog 
around it, varying in density from the center of the spray to itvS 
outer boundary. The tiny globules of fuel ignite, each inde- 



Fio. 1-4, Comparison of fuel-air ratios of Diesel and Kasoline engines at various 

loads. 


pendently, the combustion taking place at many different points 
in the combustion chamber at the same time, with the com¬ 
bustion spreading and the fuel combining with the air immedi¬ 
ately around each point of initial combustion. An explosive 
mixture is not necessary in the Diesel engine, whereas it is 
essential in the gasoline engine. 
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Limitations of the Diesel cycle. It must be understood that 
not all the advantages are on the side of the Diesel; in fact, 
for certain installations, the Diesel engine may be decidedly 
inferior to the gasoline engine. There is a maximum horse¬ 
power that can be produced by a single unit practically and 
economically, and for very small engines, starting requirements 
must be considered. It may therefore be said that the Diesebs 
stratified charge with varying mixture ratio lias its advantages 



COMPRESSION RATIO 

1-5. Maxiniuni pn^ssvin^s, (‘oniprossioii pn*.ssur(?s, and teinpcratur(\s versus 
compression ratio. 

and its disadvantages. And these must be understood by all 
who deal with Diesel power. While the Diesel has good fuel 
economy at part load and the charge need not be throttled, the 
fact is that it may'^ have to waste air or fuel on account of the 
short injection period, during wliich the mixture of the fuel and 
air must take place. This particularly is a disadvantage at 
high speed and aggravates the maintenance problem. The 
approximate time for mixing the charge compared with speed 
or revolutions per minute in the Diesel engine and in the car¬ 
buretor engine is shown in Fig. 1-10. At best, in the Diesel 
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all the fuel molecules cannot find all the oxygen molecules 
during the short time for the expansion stroke of the engine. 
Even at 1000 revolutions per minute (rpm) ~ -and most high¬ 
speed engines run faster than that- the whole expansion 
stroke takes place in of a second. (For a 4-cycle engine, 
there are 500 expansion strokes divided by 3G00 seconds, and 
further divided by the per cent of the cycle occupied by the 
expansion stroke.) (See Fig. 1-8.) 

If the fuel is to burn eflii^iently, the mixing must be accom¬ 
plished ill the early part of the expansion stroke. Because the 
injection of the fuel and its mixing with the air cannot start 
mucli liefore tlie beginning of the expansion stroke, it must be 
accomplished in the shortest time possible so as to shorten the 
time for comliustion as mucli as possible. How the tlierrnal 
efficiency is dire(;tly related to cornbusiion time in percentage 
of stroke is shown in Fig. 1-8. Therefore, we are dealing with 
a very short time interval, a condition that is extremely 
important in relation to tlie timing of the fuel injei^tion of the 
Diesel engine. 

Fuel-mixing problems. Even though the fuel spray is 
perfe(*tl>^ atomized and very evenly distributed, tlie fuel and 
air cannot mix completely in the short time availalile. To 
understand how this limitation is ac(*epted and liow the problems 
involved are contended with in the Diesel engine, it is necessary 
to (consider the nature of combustion in this type of engine. 

The chief problem of (*ombustioii in the Diesel engine can be 
simply explained. For the gasoline engine the carburetor 
does the mixing of tlie fuel and air in correct explosive mixture 
outside the c>'linder. Therefore tlie gasoline vapor burns with¬ 
out difficulty, since it is a chemically correct homogeneous 
mixture. Tlie Diesel must ignite and burn a stratified charge 
or heterogeneous mixtun^. Even if the air-fuel charge in the 
Diesel were without ex(*ess air, it would not be perfectly mixed. 
Koine of the fuel particles fail to find the corresponding oxygen 
mole(*ules in the sliort time availalile for the mechanical mixing 
of the fuel and air after injection. As a result, at the end of the 
expansion or power stroke, both unburned fuel and plenty of 
oxygen are found in the exhaust gases. To keep this unburned 
fuel to a minimum by correct timing and proper combustion 
is a maintenance and operative problem. 

Chemistry of comhusiion, Coniliustion takes place when one 
carbon atom combines with two oxygen atoms, t he combustion 
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reaction being usually expressed by the followiiig equation: 

C + (>2 - COo. 

In the same way, two fiydrogen atoms combine chemically 
with one of oxygen, with tlio rea(*tion 

2 H 2 + ()•> == 2H2(). 


Now the fuel for the Diesel is similar to he plane ^ a hydrocarbon 
expressed by the formula CyHit;, and, wlien complete or perfect 



Fig. l-ti, Moiv ii(‘t work can be obtaijied I'roni llu' Otto cych^ tlnui from tlie I)ic.s<‘l 
cycle at various etunpressiou ratios. 

$ 

combustion takes place, this liydrocarbon combines with 11 
oxygen atoms as follows: 

Cvlbe + IIO 2 = 7(’0,. + 8 H 2 O. 

I’he problem is that Diesel fuel is not any single chemical 
compound, but a mixture of hydrocarbons, whose components 
are various hydrocarbon molecules, but as far as (combustion is 
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concerned the fuel ultimately consists of nothing but carbon and 
hydrogen. A study of Diesels indicates that the carbon-hydro- 
gen ratio runs from 6 to 8 by weight depending on where the 
fuel came from and how it was refined. 

Now 1 lb of hydrogen requires ^^ 4 , or 8, lb of oxygen, and 
1 lb of carbon requires ^^ 12 , or 2.66, lb of oxygen for complete 
combustion. Since 1 lb of air contains 0.2315 lb of oxygen, 
1 lb of hydrogen requires 8/0.2315, or 34.55, lb of air, and 1 
lb of carbon requires 2.66/0.2315, or 11.519, lb of air for complete 
combustion. Hence it follows that 1 lb of Diesel fuel containing 
1 weight of hydrogen to 7 weights of carbon needs for complete 
combustion: 

? ^ of 34.55 + Id of 11.519 = 14.5 lb of air. 

This is the chemically correct, or tlieoretical, amount of air 
to burn 1 lb of fuel. Therefore, if the combustion chamber 
burns 1 lb of Diesel fuel and 14.5 Ih of air, completely mixed, 
each particle of fuel must be surrounded with its re(piired num¬ 
ber of oxygen particles. Tliere is complete combustion, with no 
fuel and air left over in the exhaust gases. In the gasoline 
engine tliis can occur, hut in the Diesel, no. The fuel in the 
Diesel charge is at least one third less tlian would be per¬ 
missible for a chemically or a theoretically correct mixture. 
Instead of 14.5 air-fuel ratio, the Diesel engine employs at 
least 50 per cent excess air, which means 1.5 X 14.5, or 21.8 lb 
of air. So, the Diesel wastes air to save fuel. Any attempt to 
use the chemically correct mixture would result in a (*ertain 
portion of the fuel failing to find and combine chemically witli 
the necessary air and heme would be found unburned in tla* 
exhaust gases. Fig. 1-11 aids in understanding this problem. 

Excess air. It is evident that in order to mix the fuel and 
air in the Diesel engine in the extremely short time required, 
an excess of air considerably above tlie chemically correct ratio 
must be supplied. This may be anywhere from 25 to 90 pei* 
cent at full load, depending upon the design of the engine and 
the means of bringing about a rapid and thorough mixing of 
the fuel. If the design of the injection system and combustion 
chamber is such that the fuel and air mix quickly and com¬ 
pletely, the excess air may be small. For some engines, in 
which the fuel globules cannot readily reach the far corners of 
the combustion chamber and any air pockets in the cylinder 
head, and hence cannot mix intimately with the air encountered, 
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considerable amount of excess air will be needed. The amount 
of excess air required must be carefully calculated and designed 
in order to reduce to a minimum the unburned fuel, or the engine 
fuel consumption will be high, the engine will smoke excessively, 
soot will be deposited, and the engine will be overheated, thus 
creating difficult inainlenance problems. 
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Fi(}. 1-7. The ihoorotical thermal effieiency of the gasoline engine is higher 11nni 
(hat of the Diesel ejigine at all eoinprcssion ratios. As shown in Fig. 1-6, the I)iesel 
is able to operate at higher eompression ratios than are possible with the gasoline 
engine. 

Effect of excess air. It is unfortunate for the Diesel engine 
that the need for this excess air reduces tlie power output that 
can be obtained from a Diesel (\vlinder of a given size. Fig. 1-6 
shows that for the same compression ratio more net work can be 
obtained from a gasoline engine cylinder tlian from a Diesel 
engine cylinder of the same size. Hence, the thermal efficiency 
of the gasoline engine is higher than that of the Diesel engine at 
the same compression ratio. If the gasoline engine could lie 
operated at the same liigh compression ratios as the Diesel, 
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there would be no need of a Diesel engine. It is reasonable 
to assume that continued efforts will be made to design gaso- 
nne engines to operate at higher compression ratios. The 
fact is tliat the gasoline engine has a higher-thermal efficiency 
because it burns more nearly the theoretically correct air-fuel 
mixture than does the Diesel, as shown in Fig. 1-7, There is, 
however, another scientific reason, equally important for tlie 
higher efficiency of the Otto cyde, as indicated in Fig. 1 - 12 . 
The gasoline or Otto cy(te engine burns a greater amount of 
tlie fuel at conMant volume^ while the Diesel burns a greater 
amount at armtani pressure. This can be completely explained 
only by thermodynami(*s, l)iit it is reasonaldy compreliensible. 
Since the Diesel engine usually cannot be operated satisfactorily 
with less tlnui 50 per (*ent exr^^ss air, it follows tliat one-third 
less fuel is burned in a Diesel cylinder than in the gasoline 
engine cylinder of the same size and revolutions per minute. 
Since Diesel fuel and gasoline have roughly about the same 
heat energy per pound, around 19,000 British thermal units 
(Btu), it naturally follows tliat the power output of the Diesel 
cylinder will be one-lliird less than that of the Otto cycle engine 
of tlie same size, speed, general principle of operation, and design. 
Then the question arises: Why is a Diesel enyinef 

Efficiency of the Diesel engine. The efficiency of the Diesel 
is higher than that of gasoline engine, simply liecause the 
gasoline engine must operate at a lower compiossion ratio. 
Detona t ion and preignition take place at any higlier compression 
ratio. Th(> Diesel (uigine operates at I'clatively high compres¬ 
sion ratios, and the higher the (compression ratio the better tlie 
efficiency, as clearl>' shown in F'ig. 1-7, deprived from Fig. 1 - 6 . 

Another reason why the Diesel engine has greater efficiency 
tliaii has the gasoline engine is the lower specific fuel consump¬ 
tion of the former. Although not so much fuel can be burned 
in the same-sized (cylinder for the Di(isel engine, 4 lb of Diesel 
fuel pn^luces as much power as 5 lb of gasoline. This reducers 
the power-output liaiKlicap just showm for the Diesel engine' 
to X ^ 3 , or Taking the gasoline engine power out¬ 

put at 100 per cent, the output of tlie Diesel is 84 per cent 
instead of 66?3 per cent, provided we consider the same size, 
speed, and so on, of tlie twm engines. 

Fuel injection difficulties. Since excess air needed in t^ie 
Diesel engine was the chief reason for the lower Diesel power 
output, it was logical that considerable experimentation and 
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research were done during the entire history of the Diesel engine 
to lower this margin of excess air. Many difficulties beset the 
designers working on this problem, and, wliile much success 
has been achieved, difficulties of operation and maintenance 
were encountered, particularly in the development of high¬ 
speed engines for uses competitive with the gasoline engine. 



0 2 4 6 8 10 12 14; 16 18 20 

COMBUSTION TIME % STROKE . 

Fig. 1-8. Kehilioii of to foinbustion iiinc in per cent of stroke. 


The early Diesel engine, heavy-duty, air injection, and slow- 
speed type, reached a high state of development as long as 
twenty-five years ago. The air injection provided an excellent 
nftcans of mixing the fuel and the air, and the ex(*ess air required 
for such engines was relatively low. Moreover, the slow speed 
provided considerable time for mixing and combustion. 
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When the elimination of the air injection compressor was 
attempted and solid injection introduced to take its place, 
along with the design of higher-speed engines, new difficulties 
beset the path of the designer. Fuel injection pump arid nozzle 
troubles were encountered and fuel-mixing problems showed up; 
high-pressure injection required small, high-precision fuel 
injection pumps. Tlie problems of fuel atomization, dispersion, 
and penetration were aggravated, and many years of toil and 
sweat were needed to make progress in their solution. The fuel 
had to be broken into fine droplets, or the spray failed to mix 
intimately witli the air, and much smoky exhaust resulted 
that could be cleared only l)y introdiuriion of excess air in larger 
quantity than formerly reejuired for the air injection engine. 
Then the output per cubic foot of piston displa(‘ement was found 
to be less than desired. Since smok}'' exhaust could not be toler¬ 
ated in submarines and providing excess air required a larger 
engine than formerly used, our Navy actually did not consider 
solid injection for submarine Diesels until about ten years before 
World War II, when development of solid injection engines 
had finally reached a satisfactory stage. 

Progress in design. While complete success has by no 
means l)een realized by the Diesel designer, gradual improve¬ 
ments produced modern injectors working to tolerances closer 
than found in any other mechanical device. It is now possible 
to produce finely atomized sprays and to distribute them 
accurately and uniformly throughout the air spaces in the 
combustion chambers. Designers have shaped the combustion 
chambers to fit the form of the spray, and so improved tlie 
mixing efficiency, thus reducing tlie (‘xcess air margin to a very 
great extent. Many operating troubles have also been elim¬ 
inated, but enough still remain to require the best efforts of 
the maintenance man and the operator. 

1 , Improvements made to solve problems. The Diesel spray 
must be able to penetrate a dense 500 psi air, and this becomes 
very difficult when the nature of the spray is considered. A 
finely atomized spray can be produced and well dispersed in 
one atmosphere, but to produce it in 15 atmospheres of pressure 
is quite another thing. In the first place, the spray must be 
divided by means of multiorifice nozzles into several sprays in 
order to reach the entire combustion space. The spray globules 
must be broken down to tiny droplets ^ fooo in. in diameter, and 
this requires injection at several thousand pounds per square 
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inch. Fine droplets are essential to rapid ignition and these 
must be injected at a velocity that is very great, sometimes as 
high as 400 mi a second. To attain such a velocity, extremely 
small spray holes in the nozzle must be provided. And with 
small holes and fine droplets, the resistance of the air makes 
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Fia. 1-9. Hdatioii of (roiii|)r<*s.sioM pn*.s.sun* tucleaniiico volvinie, in nxtroiiK'ly 
small combustion chainbt'rs, th(‘ fuel strikes the walls and does not burn effect ivolv, 
because it cools and do(*s not tnix readily with the air. 

penetration very difficult. The same spray which would be 
projected yards in one atmosphere could travel only inches in 
the dense air compressed in the combustion chamber. Many 
of the droplets fall short, their momentum being rapidly neu¬ 
tralized by the density of the air. A point is reached where 
the size of the droplet and the injection pressure make the 
penetration and dispersal less because the size of the globules is 
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80 siimll tliat inomeiituiii is soon overcome. It is thus that fine 
atomization and deep penetration work against ea(?h other, 
and tend to neutralize each otiier, yet both are required. Tlie 
designer must get tlie maximum of each without sacrificing 
one or the other. 

2 . The use of air turbulence. Wlien it was no longer possible 
to get the fuel to tlie air, methods of bringing the air to the fuel 
spray were attempted, and with (*onsi(leral)le suca^ess. 

A number of metliods have been tried and an effort made to 
set tlie combustion air in motion and whirl it around after it 
entered the cylinder in order to mix it better with the fuel spray. 
It was found that admitting the air tangentially induced it to 
perform a rotary motion in the cylinder. Several engines 
have a separate swirl cliamber into which the air is forced, 
where it rotates while the fuel is being injected. Other engines 
are designed with precombustion (‘hambers, in which the initial 
stage of the explosion takes place. This preliminary explosion 
greatly agitates the air and fuel, and, as tlie mixture is blown 
out into the main combust ion space, further mixing takes place. 
The air-cell type of chamber was developed to exploit further 
this possibility, and, owing to the preliminary explosion that 
issues from it, great turbulence and agitation of the combustion 
gases occur during the time the combustion is taking place. 
A number of devices, now more or less suc'cessfully used in 
American Diesel engines, having for their purpose a better 
mixing of the fuel and air in the sliortest possible time, have 
been developed. These consist of the precombustioii chamber, 
the energy cell, and the air cell engines, each of which has a 
great deal of merit. 

3. Effect of neu) designs. Some disadvantages are introduced 
as a result of the special types of combustion chambers. Excess 
air could not be dispensed with to any considerable extent. When 
chambers were designed that reduced the cx(*ess air to a value 
as low as 25 per cent, fuel economy was sacrificed as fuel con¬ 
sumption increased on account of the higher mec^hanical and 
heat losses tlie use of the design entailed. High velocity of the 
air was necessary to obtain high turbulence for mixing the fuel 
with air, and high velocity of tlie air required more of the 
engine^s power. Moreover, turbulent air gives more heat up to 
the cylinder walls than does ambient air. It is said that the 
precombustion chamber engines a\'erage more than 10 per cent 
higher fuel consumption than do the plain open comliustion 
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chamber, and tlie power output of the former is not increased 
over that of the latter. 



REVOLUTIONS PER MINUTE 


Fio. 1-10. Tho iiiixiii}*; tiiiK* in high rpm (‘ngiru^s is so short that the advanced 
injection timing necessary (rriiates high inaxiiniun pressiinis, which impose severe 
stress on the engine. Maximum pressures may (*xceed 1200 lb. 

There were distinct advantages, however. Su(‘h engines had 
more flexibility and avoided the use of high-pressure sprays and 
small orifices. A coarse spray and a single-hole orifice nozzle 
with compai-atively low injection pressures gave satisfactorj- 
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performance when sufficient air turbulence was obtained to mix 
the fuel and air thoroughly. 

Methods of increasing power output. Early Diesel engines 
lan at operative speeds of 125 to 250 revolutions per minute. 
As the need for greater output for the engine size came to be 
lecognized rotative speed was gradually increased to 500, 600, 
and 1000 rpm. Onl}- by means of improved lubrication, lighter 
recipro(uiting parts, and the introduction of solid injection did 
the Diesel engine liave any chance to become a high-speed com¬ 
petitor of the gasoline engine. For fifteen years, the develop¬ 
ment of the higli-speed engine has progressed rapidly throughout 
t lie world. At the present time, tractors, buses, and trucks are 
equipped witli Diesel engines. These engines run twice as many 
miles on a gallon of fuel as the carburetor engines tliey replace. 

The maximum rotative speed of present Diesels for auto¬ 
motive applications is more than 2000 rpm. This has been made 
possible by the high-precision fuel injection pump, so well 
designed and built that it meters fuel quantities as small as a 
drop of water, under extremely high pressure, and during a time 
interval measured in a thousandth of a second. 

Difficulties of increasing power output. Although there 
are reasons to believe tliat continued progress in this direction 
is to be expected, t wo obvious difficulties stand in the W'ay of 
additional power lioosts. 

/. Prohlevi of mixing air and fuel. The excess air and tlu^ 
mixing pro(*ess liave already Vieen discussed. Good combustion 
requires that the air and fuel mix in the early part of the power 
stroke; this is to avoid delay in completion of ignition and 
combustion. By referring to Fig. 1-10 it should be evident 
that mixing the fuel and air in a short time constitutes a dif¬ 
ficult problem. At 2400 rpm with a crank angle of 30 deg for 
fuel injection, there is only ! tgo of a second in which to mix the 
fuel and air intimately and burn the mixture. 

2 . Ignition lag. Tlie second most difficult problem is that of 
ignition lag or a delay in the start of combustion. The fuel does 
not ignite the instant it encounters the highly heated air. 
There is a definite, measurable delay, said to be around 0.002 
sec. While tliis seems a short interval, it corresponds to 28.8 
deg of the crank rotation; in other words, tlie crank passes 
through that space during 0.002 sec. If the engine timing is not 
advanced to allow for this delay, ignition may fail to take place 
and tins failure may cause the engine to misfire. When ignition 
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does not start promptly, the fuel burns faster and more violently 
when it does ignite. This causes combustion knock. The fuel 
accumulates in the cylinder during the ignition delay period. 
The duration of the injection periotl corresponds to 15 to 30 deg 
of rotation, depending on the design of the engine. Now if 
the greater part of the fuel charge is already in the engine when 
ignition starts, the entire quantity will ignite at practicall>- t he 
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Fia. 1-11. HikH (*.\(*ess air reduces heating value per cubic loo( ol air-liiel inixl urt', 
which reduces the output of the eiigin(‘. 


same time; tlie explosion is violent, and the knock and vibration 
may be disastrous to the engine. Diesel combustion knock is 
.similar to detonation in the gasoline engine. There is a definite 
difference between the two, however, which makes it necessary 
to understand this behavior of the Diesel engine. 

The gasoline engine knocks because of preignition, ignition 
too early, while the Diesel knocks because of a delay in the start 
of ignition. However, the fundamental cause of the kno(^k is 
the .same, namely, fast burning and consequent excessive rate 
of pressure rise. An engine runs smoothly if the maximum 
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pressure rise does not exceed 30 psi per decree crank rotation. 
If tlie rate of j)ressure rise ^oes al)ove 50 psi per deg;ree, the 
engine most certainly knocks and imposes Iieavy strain on the 
l^earings and other re(*iprocating parts and reduces the power 
output accordingly, as .shown in Fig. 1-13. Tliis curve of maxi¬ 
mum cylinder pressures shows tliat no fui-tlier increase in power 
results wlien the maximum pressure exceeds 1200 psi, owing to 
the excessive friction load. Bearing and cylinder maintenance 
problems increase ac(*ordingly. 

Diesel combustion knock. Rapid pressure rise takes place 
in the gasoline eiigin(% and the knock comes at the last stage of 
combustion. It is the last portion of the fiu^l to f)urn that causes 
the knock. Only a small part of the gas adjacent to the spark 
plug ignites at first. As j)ropagation of the combustion gradu¬ 
ally proceeds, the flame front expands and in doing so compresses 
the unburned part of the cylinder contcmts. Finally, the 
unburned part is com])resse^l^^ the rapid i)resvsure to the self¬ 
ignition point. Then the enl^[ charge is ignited, produ(*ing a 
rapid pressure rise, heard^as sharp knock or detonation. 

In the Diesel engine, the^ occurren(*e is (piite different. 
Combustion begins with s})()ntaneous ignition of the fuel, 
but this does not cause the ignition to kno(‘k; the didermining 
factor is how much fuel is pn'sent and ignites, in the entire 
mass, at the same time. The greater the (piantity to ignite at 
one time, the greater is the pressure rise and the more severe 
the knock. In this case, the ignition lag gets in its work. The 
fuel fails to ignite instantaneously, for it recjuires a delay 
period for the fuel to start lairning and this (h^lay period depends 
upon the quality of the fuel, the cylinder pressure, the tem¬ 
perature of the air, and other factors. It is evident that the 
longer the lag, the greater the amount of fuel that accumulates 
in the cylinder before ignition actually starts. When this does 
occur, nearly all of the fuel now piling up in the cyliiuhn* ignites 
simultaneously. Consecpiently, the longer tlie delay period or 
ignition lag, the more severe will be tlu* kno(*k. 

The ignition characteristi(‘s of Diesel fuels vary over a rather 
wide range. The (lualities that redu(‘e the ignition lag suppress 
the knock in the Diesel engine. High compression ratio, warm 
intake air temperature, and high pressure help speed up ignition, 
shorten the ignition lag, and suppress the tendency to knock. 

Cetane. In the gasoline engine, high octane fuels burn more 
slowly than other fuels and thus prevent detonation in the 
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engine. This situation is the opposite of what is desired in 
the Diesel engine. What are known as high cetane fuels are 
used in the Diesel engine. They ignite without too much 
ignition lag. Diesel fuel speeifieations inelude the eetane 
number of the fuel. Some high-quality fuels may be nearly 100 
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cetane, which means that they have extremely short ignition 
lag -as low as * j ouo This is about the limit; further improve¬ 

ment is not expected. This fa(*t constitutes a serious limita¬ 
tion on in(*reasiug the speed of the Diesel. 

and Jf-strok'e cycle. Increasing the speed, however, is 
noi^K only means of getting more power out of the Diesel 
Other means of reducing tlie weight per horsepower 
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output have been more successful. Although the factors that 
control the power output of an engine are thermal efficiency, 
excess air, high rotative speed, and the amount of air that can 
be charged into the cylinder per revolution, it is more power 
strokes per minute that have shown the greatest results. For 



MAXIMUM CYLINDER PRESSURES 
LBS. PER SQ. IN. 

Fk;. I-IS. of nuixiinuiii cylinder pressures to net work at a eoiiij)ressioii 

rat io of 13 to 1. 

tlie 4-c>'(*le engine, every other revolution is wasted so far as 
feeding air into the engine is concerned. 

In the 4-stroke cycle engine, the piston sucks a charge into 
tlie cylinder, while in tlie 2-stroke cycle, there is no suction 
stroke. The charge must l)e forced into the cylinder by a pump 
or blower. In a 2-stroke engine both the exhaust and intake 
occair in the short time when the piston is at or near the boltom 
dead center. Thus, these two processes overlap, the fre^l^fcr 
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charge aiding in scavenging the cylinder of the burned gavses. 
In a Diesel engine scavenging can be done with air without 
wasting fuel as is the case witli the 2-cy(^le gasoline engine. 
Hence, the 2-stroke cycle design for Diesel becomes a very 
practical thing, although it is not considered for the usual 
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Kui. 1-14. Variation in riliciency with niaxinuini cyliiHlcT pressures. With 
J' ijj;. 1-13, it is shown that material reduction in maximuni pressures without much 
reduction in useful work and efficiency is possible. 


gasoline engine. The 2-stroke cycle Diesel has made significant 
advances in recent years. 

The radial or “pancake” Diesel. One of the most advantxMl 
marine Diesel engines is the ‘^pancake’' engine, a radial witli 
four banks of cylinders, one above the other. The engine's 
weight is around 4 lb per horsepower. It has a 6-in. stroke 
and a bore and is rated at 1200 hp at 1800 rpm. This 

2 -cycle engine has aircraft cylinder construction and is a 
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superior design with water jackets of corrugated sheet metal 
welded on the cylinder. A centrifugal blower operating at 
high speed furnishes the scavenging air with ports for intake 
and poppet valves for exhaust. 

The opposed piston engine. Great importance attaches to 
the development of the opposed piston engine, a type of 2- 



VOLUME 



Fig. 1-15. Dic.scl and Otto cycle tlicorcticuil indicjilor dijigrarns draAvn to same 

s(‘a.lc. 


stroke cycle engine. A special advantage of this design is that 
it has no cylinder head, the explosion taking place between the 
opposed pistons. The loss that usually occurs tlirough a cyl¬ 
inder head is therefore eliminated. Uniflow scavenging is 
another characteristic of the opposed piston engine, the air being 
admitted through a row of ports at one end of the cylinder and 
exhausting through a row of ports at the other end. One piston 
controls tlie inlet and the other piston controls the exhaust. 
The cylinder is efficiently scavenged and superc’harged. 
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One of these engines has an 8-in. bore and a 10-in. stroke 
by each piston and operates at 720 rpm. There are two crank¬ 
shafts, one on the bottom and one on the top, geared together 
so that the exhaust piston has a 12-deg advance over the intake 
piston. This lead permits the cylinder pressure to drop before 
the inlet ports open and effect some supercharging. These 
engines have very high fuel economy. 

Another recent development is the double-acting engine, 
which is also 2-cycle. The opposed piston, the double-acting, 
and the 4- and 2-stroke cycle engines will be described fully 
in another chapter. 

Uniflow or straight-through scavenging. Uniflow scaveng¬ 
ing of the 2-cycle engine becomes a practical fact, and new and 
advanced Diesels of this design have appeared in recent years. 
The operation consists of intaking the air through ports in the 
cylinder near the bottom of the stroke and exliausting through 
ordinary poppet valves in the cylinder head. The principle 
of uniflow scavenging is more eflicient than the so-called loop 
or cross scavenging, in which the air has to take several turns 
in going through a cylinder. The air for such engines is sup¬ 
plied l)y a blower at a pressure of around 5 psi, the (capacity 
of the i)lower being about 40 per cent more than is necessary 
to fill the cylinder at atmospheric pressure. This extra air is 
employed in scavenging and supercharging. 

The principle of tmifUm or straight-through scavenging. For 
2 -stroke c>'cle engines uniflow scavenging is the most efficient 
method (hnnsed. This is due to the fact- that around 20 per cent 
more air (*an be trapped by this means than by the cross or loop 
scavenging. Three methods liave been devised to produce uni¬ 
flow scavenging: (1) by poppet valves in the cylinder head, (2) 
by means of the opposed piston, and (3) by the use of the sleeve 
or slide valves. Tlie sleeve-valve engine is a new design, in 
which the scavenging poppet valve is absent, leaving the cylinder 
head a simple symmetrical shape. While the scavenging is 
efficient-, there are disadvantages, such as difficulty of cooling 
and lubricating the engine because of the sleeve. An aircraft 
engine of this type developing around 2000 hp on one shaft 
and weighing but 1.8 11) per horsepower has been built. 

Supercharging. IiHa’easing the air charge by supercharging 
has become a rather general pracd-ice for 4-stroke cycle Diesel 
engines. The volumetric efficiency is increased and the amount 
of the air (*harge exceeds the piston displacement at atmospheric 
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pressure. The result is more power per cubic inch of piston 
displacement. The chief purpose of supercharging the Diesel 
engine is to increase the power output. Since increasing the 
compression pressure does not (*ause combustion knock in the 
Diesel engines as it does in the gasoline engine, the use of this 
device on (he Diesel engine has progressed rapidly. Super¬ 
charging and increasing the 
compression pressure actually 
make tlie Diesel engine run 
smoother. The supercharged 
4-cycle Diesel engine is now a 
proved siu^cess, and most of the 
manufacturers of this type of 
engine provide supercharging. 

There are two methods 
of supercluirging—namely, the 
mechanically driven blower and 
the turl)o])lower. There are 
several types of the mechanical 
supercharger: tlie reciprocating 
pump type, the rotary type, and 
the centrifugal blower, driven 
by the engine or an electric 
motor. The use of the super¬ 
charger permits the weiglit of a 
given engine to be reduced. A 
typical weight reduction is that 
of an engine of 150 hp, 6-cycle 
Diesel. Tins engine weighed 
about 14.5 lb per horsepower 
without supercharging. When 
the supercharger was added, 
the engine developed 200 hp 
and the weight per horsepower 
was 12.5 lb. However, there 
is a limit to supercharging that 
is economical. At the present time, this is found to be about 
30 per cent increase in the power output. The power absorbed 
by the blower when this limit is exceeded becomes rapidly more 
until there is no further return from the power expended. 
The supercharger pressures range from 3 to 5 lb for average 
designs. 



Kig. 1-16. Fairbanks Morse opposed 
piston engine. 
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The turbosupercharger. The turbosupercharger is an exhaust 
gas turbine, invented by the French engineer Rateau, and 
perfected in this country by Dr. Moss of the General Electrics 
Company. It is used extensively in aircraft for high-altitude 


inner dead center on 

•l LOWER CRANK 


PLUNGER TRAVEL AFTER COVCRINC 
PORTUKTIL END OF STROKE 


PLUNGER TRAVEL IN 
CLOSING PORT 


CAW lift begins 


AIR CLOSES 


EXHAUST CLOSES 


high point OF CAM 


INJECTION ENDS 
STARTING AIR OPEN 



EXHAUST OPENS 


AIR OPENS 


Kig. 1-17. So( 4 iiO]i(‘(‘ and timiiiK of oviaits in a cornpleto two-stroko cyclr* wIkmi 

the engine is running at full load and full speed. It can bo seen that when the 
upper piston reaches its inner dead center in the compression stroke, the lower 
piston has completi'd 12'^ (th(i total crank lead) of its power stroke, I'liis causes the 
loAver piston to reeeive, at full engine load, the greater part of the expansion work 
with the result that about 72 p(T cent of the total power is delivered by the lower 
crankshaft. T'he remaining power is delivered to tlie upper crankshaft, when^ it is 
[lartially absorbed in driving the s(5avenging blower. This leaves only a relatively 
small amount of povv(*r to be transmitted througli the vertical gear drive to the 
lowin' crankshaft, whiidi is connected to the final drive. 


supercliarging. This method was adapted to the Diesel engine 
some years ago by the Swiss engineer Buchi, and w^as introduced 
into use in this country just before World War II. With the 
turbocharger, the power output was increased up to 40 per 
cent without satTificing fuel economy. 
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The turbine of the Buchi supercharger is driven by the 
exhaust gas that comes from the engine at high pressure and 
temperature. A feature of this turlnne is that the exhaust 
impulses are timed in such a manner tliat a major part of the 
energy of tlie exhaust gases is imparted to the turbine wheel 
without creating appreciable back pressure in the engine. Higli 
back pressure would seriously reduce tlie output and impair the 
engine's performance. Since the temperatures of the exhaust 
gases are as liigh as 1000° F, tlie turbine must be made to with¬ 
stand this higli heat. The turbine drives the centrifugal l)lower 
on the same shaft and blows air into tlie engine at 3 to (5 psi. 

A practical limit on supercharging tlie Diesel engine is set by 
the process of engine cooling. The engine must reject as rnucli 
heat through cooling as is developed into power. Tlie more 
power the engines develop, the more heat that has to be removed 
by cooling from a given engine. It is for tliis reason that in 
highly supercharged Diesel engines piston rings sti(*k, pistons 
are burned, and the exhaust valves and cylinder heads give 
trouble. Solution of these prolilems is regarded as a matter of 
time, when piston cooling, metallurgical improvements, lietter 
water-cooling systems, and improved methods of lubri(‘ating 
have been worked out. 


QUESTIONS 

1 . Name three ways to increases th(‘ output of a giviui disjilace- 
ment Diesel engine. 

2. What occurs when an attempt is made to liurn fiK‘1 in a Diesi^l 
engine with a small amount of excess air? 

3. What is the main n.ason why the Diesc^l engine is more efheient 
than the spark ignition engine? 

4. Th(> Diesel engine is relativ(;lv lu^avier than tlw^ gasoline <aigine. 
Why? 

5. What an? the advantages of the Diesel (?ngine compared witli 
the gasoline engine? 

6 . Under certain conditions, excess air in the Diesel engine can be 
reduced by means of better mixing of the fuel and air. What is 
necessary to do this? 

7. Higher engine speeds for Diesel engines are limited by what? 

8 . The 2-stroke cycle Diesel engine is used in preference to the 
4-stroke for certain applications. What is the main reason? 
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I 9. High-output; 2-stroke cycle Diesel engines most commonly 
niake use of what kind of scavenging?. 

10. The limits on supen^harging a Diesel engine are what? 

11 . What type of Diesel engine is always simpler than others in 
construction ? 

12. Does Ix^tter fuel spray design makf^ possible the use of less excess 
air? 

13. What limits the output of a Diesel engine: means and methods 
of cooling the piston and valves, or means and methods of supplying 
the engine with air? 

14. Wliat means are used to increase the time available for mixing 
the fuel and the air? 

15. In the larger engine, what general class of combustion chamber 
is used predominantly, and why? 

16. For small higli-speed Diesel engines, what kind of combustion 
chambers are in common use, and why? 

17. What is the purpose of air turl)ulence? 

18. What kind of spray nozzles are used with the open combustion 
chamt)ers, and what kind are generally \ised witli the precombustion 
chamlxu’s ? 

19. Wliat type of combustion chamlier would be used for: (a) power 
output and greater mean effectives pnvssure; (b) fuel economy; (c) ease 
of starting; (d) speed fl(*\ibility; (<t) smoothness of operation? 

20. Why is the divided, or precombustion, chaTnlxn* harder to start? 

21 . What is one of the cliicd' reasons for the higher cost of Dies(4s 
as companxJ with gasoline engines? 

22. Why is the Diesel noisier than the gasoline engine? 

23. What is the advantage of higher compression ratio with respect 
to efficiency? 

24. How is the net work of the cy(4e determined? 

25. What is an (explosive mixture, and what kind of engine employs 
such a mixture? 

26. Find is injected in the form of a spray in the Diesel engine. Is 
it atomized, vaporized, or mixed by turbulence? 

27. If Du‘,sel fuel was completely vaporized and mixed with the air, 
as in the gasoline engiiK^, what would occur upon ignition of the charge? 

28. What is the difference between a homogeneous and a hetero¬ 
geneous mixture? 
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29. Is it necessary or not necessary to throttle the air charge in 
the Diesel engine? Wi^y? 

30. V\Tiy is it necessaiy to throttle the charge in the gasoline 
engine ? 

31. ITow and why is thermal efficiency directly related to coml)iiS“ 
tion time in percentage of stroke? 

32. How many pounds of air are required, chemically, to burn 
one pound of fuel in any engine? 

33. Why is it necessary to supply more air than the engine requir<‘s 
or consumes in burning tlie fuel in the Diesel engine? Is this also 
true of the gasoline engine? 

34. If the Diesel engine takes in 29 lb of air for each pound of 
fuel, what, perc^entage of excess air is employed? 

35. Theoretically, (^an more net work l)c obtained from the gasoline 
engine than from the Diesel engine, per cubic inch piston displacement? 

36. If the gasoline could operate at 15 to 1 (Munpression ratio, would 
there be a need for the Diesel engine? 

37. Wlii(;h engine may l)e said to waste air? 

38. When a Dies(4 engine is operating with 50 per cent excess air, 
why is it that it can produce only two thirds as miu'Ji ])ower as the 
same displacement in the gasoline engine with prjudh'allv no ex(‘ess 
air? 

39. What is meant l)y ^Mower specific fuel consum])tioir’? 

40. Why is the Diesel able to o])erate with a lower specific, fuel con¬ 
sumption than is the gasoline engiiKi? 

41. Why must the gasoline engine i)]Mn-at(^ with a lower com})i*('s- 
sion ratio than the Diesel engine? 

42. What problems wer<^ encountered by th(> designer wIkui he 
undertook to reduce the amount of the ex(^tiss air required? 

43. When tlie designer eliminated air injection, and commenced th(? 
design of mechanical injection, what new problems were cncountei’ed? 

44. Can a mechanical injection Diesel operate with as little excess 
air as the air injection engine? \\4iy? 

45. Since fine atomization and deep penetration work against (^ach 
other, how does the desigmu* get the maximum of ea(4i in order to 
accomplish as complete mixing of the air and fuel as possil)le? 

46. What is the function of air turbulence? 

47. What problems of maintenance are involved in tlie fuel injec¬ 
tion process and system? 



Ch.1) 


FUNDAMENTAL PROBLEMS 


33 


48. Why is a turbulence chamber or precombustion chamber engine 
less efficient than the plain, open-type combustion chamber? 

49. What is ignition delay, and what is the reason for this lag? 

50. Why docs a Diesel engine knock, and how does this knock 
differ from that of a gasoline engine? IIow does this knock, in either 
engine, affect the maximum pressures? 



CHAPTER 2 


PROBLEMS OF APPLICATION 


The fundamental problems inherent in the operating principle 
of the Diesel engine were outlined and discussed in the pre¬ 
ceding cliapter, in wliich tlie limitations of the Diesel engine 
were illusti*ated by graplis. The phenomenon of combustion 
by tlie heat of compression, the mechanics of fuel injection, and 
spray atomization were detailed to show how tlie fundamental 
problems were related to maintenance and opei'ation. The 
development and application of tlie Diesel iiu'ol\’ed prolilems of 
maintenance and operation. It is now in order to give the 
reader the proper perspective and a sound viewpoint on the 
technical problems encountered in tlie design and construction 
of the Diesel engine, and tlie solutions worked out liy jiractical 
experience that may lie brouglit to liear upon the related 
problems of maintenance and operation. 

Immediately following World War 1 , intensive development 
of Diesel engine design occurred in Germany, England, and 
other European (‘ountries -espe(*ially in Germany. In tlie 
United States any marked progress was difficailt to dis{*ern 
until about 11 ) 30 , liut since that time great strides have been 
made. Many improvements in engine design in Europe were 
later incorporated in American designs. Since Diesel engine 
interest, was worldwide, succx^ssful European designers licensed 
some American manufacturers to build engines after their tested 
models. Although in Europe the automotive^ Diesel and 
engines for locomotives and submarines outdistanced other 
applications, such as Inises, trucks, and tractors, Diesel engines 
in the latter applications greatly increased, both in tins countr\' 
and aliroad. 

Numerous prolilems of operation and maintenance wen^ 
encountered tliat induced a great number and variety of 

34 





Fig. 2-1. Fairbanks Morse engines represent thirty years' development and perfection of basic-type 
two-cycle Diesel engines from the slow-speed, surface-ignition. semi-Diesel engine of the 1914 design to the 
modern, opposed-piston, uniflow-scavenging, and centrifugal-type blower. 
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improvements in Diesel design and construction in this country. 
The use of alloy metals is now an accepted practice, but such 
practices were first suggested by Europeans. ]\Iany combustion 
chamber forms and fuel injection systems originating in Europe 
have also been incorporated in American engines. 

The use of supercharging to increase tlie output per cylinder 
size has been more widely developed in the United Slates than 
in Euro])e. Likewise, Americans are leading other countries 



Fk. 2-2. Fulton an injection I)i<*sel —shm-speed, A-lrain(‘constiuciion, witli 
vviiter-cooled justoihs Tliis engine lepresented the most coiisiTvative idt^as o( 
design of heavy-duty ah injection engines of the eaily U)20\s. It is rated at 750 hp 
and nistalh'd in the Lo.s Angeles \\ ater Works pumping station, in which there were 
at that tune 4050 hp in Fulton Diesel engines for water jiuinping. 

in the use of l)eUcr aecessories. Tlie wide variety of eoiiditioiis 
under wliicli engines operate, and the prol)lems of inaintenanee 
involved, make it necessary to give (lie liest possible care to these 
engines in order to j)rolong the life and lower the upkeep cost 
if the Diesel engine is to complete with the gasoline engine 
in the high-speed fields. 

Problems in the .selection and application of the Diesel 
engine, when the right engine for the right job is being con- 
.sidered, involve many purely technical points of engine types 
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and designs, and, when mistakes of application are made, 
maintenance and operation problems are to be charged against 
failure to consider these points. A study of these technical 
points is required for a sound understanding of the problems 
involved in the selection of a Diesel engine and its proper 
application. 

Factors in selection and application of Diesel engines. 

Certain facets should be considered with the view of eliminating 
as far as possible an improper selection and application of Diesel 
engines. These are: 

/. The type, Altiiough (certain applications dictate (pertain 
t\pes, the details of design, materials, and workmanship an^ 
usually more important. The record of the engine’s perform- 
ance and the reputation of the manufacturer are likewise to be 
(*onsidered. 

2. Horsepower rating. Horsepower rating is the product of 
cylinder displac^ement, mean effective pressure, and revolutions 
per minute. Simply getting more power out of a given size of 
engine to lower tlie horsepower cost may shorten the life of the 
engine. An^’ engine should be rated as conservatively in speed 
and mean effective pressure as the prospective purchaser can 
afford. This simply means that it is desirable to have as many 
cubi(? inches of piston displacement per horsepower developed 
as tlie application will permit. 

Design. The design sliould be as simple as possil)le. 
Too many complications are viewed with suspicion, and should 
not be accepted if avoidable. Every simplification is an advan- 
tage in reducing maintenance problems. Space, weiglit, and 
other factors are prescribed by tlie application, but the spacer 
and weight should not dictate the type or details of the design 
to lie selected when otlier factors such as maintenance are 
considered. 

1. Weight of engines. The w’eight of the engine is a function 
of the weight per unit of displacement, mean effective pressure, 
and revolutions per minute. The weight per unit of cylinder 
displa(*ement, or lieaviness of material (‘onstruction, is the 
characteristic involved. This characteristic* depends largely 
on the design of the engine. Air injection engines were heavier 
than solid injection; crosshead engines weighed more than trunk 
piston engines; and the 2-cyele engine was larger than the 4-cycle 
when it had the added weiglit of the scavenging pump. Weight 
that accomplishes no good purpose is not justified. Each 
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TABLE 2-1 

General Motors Engine 

GENERAL SPECIFICATIONS 


Number of cylindors. 12 3 4 6 

Bore and stroke, indies. 1 |:( x “> 4^4 X 5 4 ^ 4 ' X 5 4)4 X 5 4^4 X 

Tot a 1 d i s ]) 1 a c; c m (i n t , 


cubi(dndies. 70.9 141.^ 

Maximum sjx'ed, rpin. 1600 2000 

Maximum bhp outimt at maxi¬ 
mum speed. 25 55 

Maximum bh]) output at 1200 

rpm. 40 

Industrial ratinji^ at 1200 rpm 15 30 

M a X i m u m t <> r (111 (^, 1)) - f t 178 

at rpm 80(b 1200 SOO-l 2i 

Compression ratio, iiominal, . . 16:1 16:1 

Piston speed ft/min 1200 

rpm. 1000 1000 

Number of exhaust valves pi'r 

eylinder. 2 2 

I'Nhaust valve diamettT^ inches I . 564 1 .561 

tN'haust vab'(^ seat /ingh*, d('- 

l?rees. 15 45 

I<]xhaust valv(‘ lift, indies.875 .375 

( clockwise rota¬ 
tion. — — 

.■ount,.rclockvvi.so 

rotat ion. - — 

Number of main ])earinfi;s. 2 3 

Main bearing diameter, inches 3*2 3*2 

Main bearing lengtli, indies... 2*.i 1 fx 

Crankpin diametm-. 2'4 2'hi 

Crankpin bearing length, 

indies. l ^/;{2 l^/a2 

Clutch size, inches. 8 10 

Shipping weight of basic engine 

(dry)* pounds. 875 740 

Shipping wi'ight of portable 

power unit, 11). 1030 — 

Shipping weight of portable 

generator unit. 1480 „ 

Fuel consumption ll)s/bhp lir .50 .45 


141.8 212.7 283.6 
2000 2000 2000 


80(h 1200 SOO-l 2(K) 800-1200 800-1200 800-1200 
16:1 16:1 16:1 16:1 16:1 


.564 1.564 1.564 


1-3-2 1-3-4-2 1-5-3-6-2-4 


1-2-3 1-2-4-3 1-4-2-6-3-5 




Ca])acities 


Lubricating oil system, (puirts. 

8 

7 i 

12 t^ 

16*4 

22 

Fuel oil tank, gallons. 

Cooling water, (piarts, engine 

Nom* 


33 

43 

63 

only. 

3.6 

. 5 

91 2 

12 

21*2 


* EuKino wt'ight iMcliulcH: HtiiriiiiK motor, RoviTiior. oil t-oolor, nil filtiT, fnol fili«:*r, gcmTator, 
oling fan, oil lijith :iir c lojuu*!. air intake* olUow, and oni^inc iiiountingH. 
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type of engine lias a normal weight, and, if this is exceeded, 
there is no compensating advantage. 

Many applications require low unit weight. This low unit 
weight has been acliieved by a number of methods. The 
cylinders are placed closer together; aluminum is used; and 
welded sheet steel replaces cast iron in the framing. 

Changes in engine constructions. Other (*hanges that 
departed from conventional engine construction have been 
made and are justified when the engine application requires it. 
For a number of years prior to World War II, design technique 
was clianging so rajiidly tliat it was difficult, to separate experi¬ 
mental design from tlie practical. 

The following are the features of pi-acticjd design now widely 
accepted: 

1. Vertical in-line cylinder arrangement and V types. 

2. Meclianical injection. 

3. Aluminum uncooled pistons in cylinder of 100 hp and 
larger, and cast-iron pistons for larger slow-speed engines. 

4. Moderate brake mean effective pressures in unsuper¬ 
charged engines. 

5. Increased piston speeds. 

6. Alultiple inlet and exhaust valves. 

7. Built-up welded alloy steel frames or tie-rod cast-iron 
frames. 

The following features of design are less accepted practice: 

1. The use of supercharging to in(*rease the power output, 
of the smaller cylinder and to avoid etfecd s of valve size restri(*tion 
to air and exhaust gas flow. 

2. The use of individual fuel pumps or block pumps, open 
or closed nozzles, or common rail systems is still controversial. 

3. The use of means to lower the weight of framing that 
interfere witli accessibility, su(*h as suspending the bearings and 
using valve seats fixed in the cylinder head. 

World War II engines. At the present time the limit to the 
size of the 4-cycle, higli-speed, light-weight engine with uncooled 
pistons is still unsettled, but there are engines with cylinders 
developing 125 to 150 hp. However, World War II witnessed 
the development of high-speed Diesel engines for submarines, 
surface craft, and industrial applications in outputs up to 125 
hp per c*ylinder, weighing less than 20 lb per liorsepower, 
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TABLE 2-2 
Cummins Diesels 
General Specifications 



Model 


A-400 

A-600 

H-400 

H-GOO 

HS-600 

K-600 

KO-600 

L-600 

Number of cylinders. . , . 

4 

6 

4 

0 

6 

6 

6 

6 

Bore (inches). 

4 

4 

4j'8 


4Vh 

63^ 

7 

7 

Stroke (inches). 

6 

5 

6 

6 

6 

9 

9 

10 

Displacement (cubic 
inches). 

251 

377 

448 

672 

672 

19:12 

2078 

2309 

Compression ratio. 

iK.'-i i 

I8C4-I 

17 1 

17 1 

14-1 

14-1 

14-1 

14--1 

Horsepower (maximum). 

07 

100 

100 

150 

200 

210 

2.30 

250 

Number main bearings 

5 

7 

5 

7 

7 

7 

7 

7 

Type main bearings. . . 



Steel- 

racked 

removal) 

e shells 



Area main bearing sur¬ 
face (square inches). . 

2:1.95 

3;i.G4 

45.2 

62.1 

62.1 1 

123.38 

123.:i8 

123 . :i8 

Connecting rods. 



Forged alloy 

»tecl—all models 



C^onnecting rod bearings 



Steel-backed 

emovablo shells 



Crankshaft. 


Nickel molybdenum steel- 

—all models 


Camshaft. 


Special chrome steel forging 

—all models 


Camshaft beari ngs— 
number. 

1 

5 1 

7 

5 

7 

7 

7 

7 

i 7 

Cylinders. 

Cast en- 

ilock with removable, wot-t>’p( 

liners 


Valve location. 



Overhead 

—all models 



Valves. 


Intake and exhaust— 

lieat-rcsisting alloy steel 



Pistons. 

1 

--- 

Cam ground 

—■■■-■ —. 

Piston pin.s.i 

1 

Full floating—all models 


Piston pin bearings.I 


2 in piston— 1 in rod 


Piston rings—com pres- 





sion.1 

3 

: 3 1 3 i 

j 3 .3 j 5 

5 1 0 

Pi.ston rings- oil. 

2 i 

12 12 1 

2 2 1 2 

2 1 2 

Crankca.se and cylinder 
block. 


Iron alloy 

cast integral--all mot 

lels 

Crankca.se oil capacity 




! 1 

(gallons). 

2 ! 

1 3 4^2 

5 5 1 18 

1 18 1 18 

Lubrication. 
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operating at rated ^speeds of from 700 to 1000 rpm, and occupying 
less than }4 cu ft of space per horsepower. 

While a marked reduction in cylinder size and multiplication 
of cylinders to obtain greater output involve an increased 
number of working parts and complications that cause greater 
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maintenance cost and a loss in reliability, the following improve¬ 
ments are characteristic of World War II engines: 

1. Supercharging. 

2. Increasing the piston speed by lengthening the stroke 
and increasing the revolutions. 

3. Shifting to 2-cyele design of improved types. 

4. Using larger uncooled aluminum pistons and eliminating 
piston cooling. 

Factors of weight and space. A number of major develop¬ 
ments in the Diesel engine between World War I and World 
War II contributed importantly to weight and space savings: 

1. The use of lighter reciprocating parts made possible the 
increase in piston speed and revolutions per minute. 

2. Light, well-designed, and compact engine frames. 

3. The replacing of air injection in marine engines by solid 
injection. 

4. Many metallurgical developments in the use of ferrous 
materials as well as light alloys for stressed and unstressed engine 
members. 

5. Increase of brake mean effective pressures by use of 
supercharging. 

What are the significance and advantages of each of tliese 
features that contributed to savings in weight and space and how 
are they related to operation and maintenance? 

Piston speed and revol^ions. The design of the high-speed 
Diesel engine was made possible as a result of; 

1. Decrease in connecting rod and piston weight. 

2. Improvement in volumetrie efficiency by increasing the 

size of valves. ^ 

3. Less weight of valve and valve gear. 

4. Improvement in bearings of all kinds. 

Decrease in piston weight. Less piston weight has been 
obtained in cylinders with bores up to 13 anjd 14 in. by the use 
of aluminum uncooled pistons. It is probable that larger 
uncooled pistons may be used. The practical cylinder output 
for the high-speed marine engine is now about 120 to 125 hp. 
Piston speeds are practically doubled over those of World War I, 
and the total weight of the engine is halved. 

Valve area increase. The increase in piston speeds and 
revolutions per minute developed the need for increase in valve 
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area, on account of the excessive gas velocities produced by 
higher speeds, which cause wire-drawing through the smaller 
valves. The insufficient valve area would entail: 

1. Loss of brake mean effective pressure due to back pressure 
at the exhaust- valve. 

2. Wire-drawing through the suction valve cauvses loss in 
volumetric efficiency. 

In order to over(a)me such drawbacks of the small valves, the 
use of dual ^^alvcs in higli-spced, 4-cycle engines was adopted. 
However, the limit is two exhaust valves and two inlet valves. 
More than t wo of each have been used, but when this complica¬ 
tion is added there are: 

1. Cylinder head and valve drive complications. 

2. The need for added power to a(*tiiate the valves. 

3. Increase in troubles with valve overhaul and upkeep cost. 

In some engines the inlet air velocity is around 10,000 ft per 
minute, whicli is about tlie maximum allowal)le; in fact, less than 
8000 ft per minute is l)etter practice. Exhaust valve velocities 
as high as 13,000 ft have been used, the velo(*ities l)eing measured 
at the vah es. The loss in mean effective pressures as a result of 
wire-di‘awing of the air passing tlirougli the inlet air port can 
be serious. The inlet valves a re often multiple and are larger than 
exhaust valves. The losses from reduced volumetric efficiency 
are far more serious than those that are produced by back 
pressures, and some engines have dual inlet and single exhaust 
valves. A number of 4-cvcle engines use multiple inlet valves 
to increase breathing (*apacity for this reason. Another factor in 
tlie use of multiple valves is the fact that cooled exhaust valves 
used in older slow-speed engines are not so practical in high¬ 
speed engines, on a(a*ount of the inertia of the weigh t of the water. 

Ijo^s weiglht of valve and valve gear. The weight of valves and 
\’al\'e actuating gears had to be reduced when high rotative 
specnls were adopted, since the liigher angular velocities of larger 
cams would liave caused inertia forces, and these for(?es induce 
wear and chatter between the cams and rollers. Also, the exces¬ 
sive powei- to dri\'e heavy valve gear and cam liad to be elimi¬ 
nated to prevent abnormal wear of cam and rollers. The wear 
would be rapid with lieavy gear at high rotative speeds. 

Bearing pressures. It was pmviously pointed out that 
mechanical or solid injection as compared with air injection 
produced more severe maximum pressures with its shocks, thus 
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increasing the maximum load on bearings. Although bearings 
have been much improved, this matter of high maximum pres¬ 
sures has led to increased bearing pressures. 

A rough ratio between piston top area and crankpin bearing 
area is 2.5 to 1 to 2 to 1. Main bewaring areas range betweei) 
2.5 to 1 and 3 to 1, wliile wrist pin area is usually 5 to 1 to 4 to 1. 


TWIN VALVE SPRINGS 


OPEN TYPE 
FUEL INJECTOR 


machined 

COMBUSTION CHAMBER 


FUEL INJECTION 
PUMP 


D 



COMPLETE PRESSURE 
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WEDGE RINGS 

CARBURETOR HERE 
FOR GAS OR GASOLINE 


PRECISION 
babbitt bearings 


FUEL TRANSFER 
PUMP 


COMPLETE PRESSURE 
LUBRICATION 


OIL PRESSURE 
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Fig. 2-3. Cross-soct ioii through the Waukt^sha mult i-fuel (llesselman) enj^ine. 
"I'hLs design represi^nts numerous improvements and advamamients in automotive 
and marim^ (aigiiies; the engine is elasscnl as a spark-ignit ion, find-inj(‘etion (uigine, 
and burns kerosene, distillate, and Diesel fuels. It is us(*d for trai'tors, tnn'ks, and 
similar applications. 

This requirement depends upon the nature of peak pressures, but 
it is always desirable to reduce maximum bearing pressures. A 
check of engine specifications will show how this question has 
been considered by the designer. Higli bearing pressures cause 
a great deal of maintenance work on the Diesel engine. 

Frame construction. Engine builders have l)cen able to 
reduce the ratio of the total prismatic volume to total piston 
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displacement. This reduces space and weight requirements and 
involves making the engine framework lighter and stronger. 
The ess(»nlial chnnges that were made in the const,met,ion of tlu‘ 



I n:. 2-1. MMi'k-Lariova (Mir-cfll) iiuirinr riii.s is 

typical of liij^;li-.sp(M‘»l riiMriru* and aiitoiiH»tivt* designs. Scvi'nil Anicriciiii cnjrincs 
employ the Lanova coinlnistion syst(*in. It has “dry”-tyj)e cylinder liners. 

engine concerned cylinder arrangement. Some of these changes 
are: 

/. V-ti/pc fratne. Normally engines are Imilt with vertical 
cylinders in liiu'. Some notewortliy World War 11 engin(‘s 
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use the V-type frame; and one, the radial aircraft style of frame. 
The V type enables the builder to attain the reduced over-all 
lieight so desired in the locomotive and the submarine types of 
engines. The V-type engine also permits multiplying the 
cylinders without unduly increasing the over-all length, ulti¬ 
mately increasing the power from a given unit. Engines with 
small cylinders and aluminum pistons can be built for greater 
output by using the style to increase cylinders, thus a\'oiding 
the technical difficulties involved with larger cylinder sizes and 
limits to the size of aluminum pistons. 

Many main-line Diesel-electric loconK)ti\'e engines use* tlie 
\'-type arrangement to ol)tain reduction in headroom and the 
reduction in tlie generator size and weight made possible b\' 
high rotative speed. The (rcneral Motors marine engine, 
whose characteristics are listed on page 50, repn^sents a suc¬ 
cessful \'-type light-weiglit engine in large c\ lin(lei* sizes, used 
for locomotive and marine propulsion. Ther(‘ are few otJier 
examples of the V-type arrangement in the h(dd, and it is 
belie\'ed that the multiple, verti(‘al in-liru^ arraMgermmt will 
continue to dominate. 

A study of engine frame const ruct ion shows t hat some frame 
designs are inherently light and others inlierently heavy. Our 
World War I engine of the light-frame typ(‘ was a h('a\'\' (\*ist- 
steel crankcase and a housing witli cast-stcad cvlimhu-s cast 
en-block or bolted to give stiffness. This frame was unneces¬ 
sarily heavy l)ecause of the poor transmission of tensile stresses. 

Tie-rod conHlrudioti. High-speed Diesids of the 4-cycl(‘ 
type built in smaller sizes have the box typt^ witli en-l)lock 
c>'linders or bolted up heads and tie-rods. Tlu* tie-rod lias 
been widely us(id for lioth large and small engines, l>ecaus(‘, 
when used to reduce frame weight, it permits; 

(a) Tlu* suspension of tlie main bearings. The lieavv 
liedplate used for main bearings on the World War I engine is 
eliminated. 

(b') The heavy (*ast-iron water jacket is also eliminated and 
in its place is a light sheet-metal water jacket housing for present 
day high-speed engines. 

(c) The wall section of the frame is (juite tliin now sinca) 
the tie-l)olts are abk^ to take* all txmsih^ stresses. 

The tie-rod constriudion, now widely used for larger types of 
light-weight engines and marine and locomotive^ applications, 
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makes possibk^ the suspension of the main bearings. The 
elimination of tiie hea\\v bedplate was a very material reduction 
in tlie weight of the engine. 

3. Cylinder liner and liyhi rrater jacket. Since World War I, 
tlie replacement of the heavy liousing l)y tlie use of the light 
UH'tal water jacket has Ixam an important development. The 
int(^gral iron cxlinder or heavy cast-iron liner of the engines of 
World War I days has given way to a thin seciion alloy liner. 
This light wall s(M*tion liner inay be a forged alloy steel instead 
of a casting. It is a significant new development found in the 
present engiia* types illustrat(‘d iKuevvith. 

4. Valve rayes. A mat<‘rial savings in engin<* weigiit resulted 
from the elimination of th(‘ valv(‘ cages. Fornualy large engines 
with tlie fitt(‘(l cag(‘s in t la* cvlimh*!' laaids for valv(‘s were favored 
because tlie arrangenamt permitted the ra])id removal of the 
valve witliout r(‘moving tla‘ cylinder la^ad. A particular dis¬ 
advantage' was that tli(' large' cage's re‘due*e'd the valve area 
[)Ossible‘ and conijiTaaite'd the head, but, since' the* mode'rn engine 
of the' high-sf)e‘e‘d t\})e re'ejuires maximum possible' vah'e aica, 
valve' cage's cannot Ik* use'll. The' dire'ct seating arrangement of 
the' valve's pe'rmits more* e'ffe'ctixe* Naive* cooling than ele>e's the 
cage* a rrange'iiH'nt, and the* e'ylin<le*r he'ad is Ic'ss ce>my)licated. 

Tlie use* of suspeaide'd bearings is more* [iractical with the 
more e*omj)act frame* now used, since' the* tie'-rods tliemselves 
serve as be'aring lieilts. This also re'sults in reelucing the wielth 
e)f the* e'ngine* and the* cylinele*!* e*e'nte*r-hne‘ distances. Pre'sent 
engine's are* scarcely half as long as Weirld War 1 engine's. 

h. Ohjvetiotis to liyfit Jraifas. ddie* e-liange's in frame* de'signs 
that re'sulte'd in a saving in frame* weight and syiace* had dis- 
aelvaidage's, and certain advantage's of the olde'r style construc¬ 
tion were' sacrificed, 

1. Wlien the' tie'-rexls were* use'd anel main be*arings suspeneled, 
the' acc('ssibilitof the' be'arings was iveluce'd. The removal of 
the crankshaft be*came me)re eliffii'ult. This arrangement alse> 
inaele* adjustnu'nt of the* (*ompre'ssie)n ce)mpli(*ate'd, sine'e the 
simple* arrangeme'nt for re’inoval of shims fre)iu the fe)e^t of the 
re)d was inte'rfe're'd with. 

2. One-pie'ce* tie'-rexls make it difficult to elismantle the 
engine* in restricte*d places, such as leicomeitixe and marine appli¬ 
cations. The* one-piece* tie'-roel has bee'ii e*liminate'd in most 
American elesigns. 

3. The routine dismantling and iiverliauling of the vaUes is 
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rendered less convenient with the use of heads with integral 
valve seats instead of separate cages. More time is involved 
in maintenance work as it recjuires the lifting of the cylinder head 
instead of easy removal of tlie cages. 

Metallurgical advances. All present-day engines contain 
metallurgical improvements and use improved ferrous materials 
in the construction of the engine. Special alloys are also used. 


1. Improvement in tlie life and reliability of valves has been 
made by use of high-temperature alloy steels. 

2. Better qualities of ferrous alloy for rings and liners result 
in decreased wear on tlu^se parts. 

3. Alloy steel shafts, tie-rods, and (*()nne(*ting rods have 
greater strengtli. 

4. Alloy semiste(‘l for cylindcM* heads, pistons, and cylinder 
liners as well as for valves is now used and affords greater 
strength and relial>ilit>'. 

5. Welded steel plate, a re(*(‘nt introduction, is used for 
fal)rication of the franu^s of large* (*ngines and contributes to the 


lower cost of manufacture. 

6. An outstanding improvement is the use* of pearlitic iron 
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Alloy steel rods. Tlie adoption of alloy stool tio-rods to 
roliovo tlio oast franu‘ of tension porinits tiu' us(' of thin-wall 
oast,-iron frames or lij^ht frames of \vr‘ld(‘d slc'ol oonslrnotion. 
Wlien the frame itsc^lf is r(‘li<‘ved of t('nsil(‘ stnvsses, mn(*h 
thinner and lif 2 ;hter seotions <\in then In' used. The result is 
that the frames may l)e and are made of \'erv thin se('tions of 
pearlitic, or partial pearlitio oast iron. Formerly’, the liea\\\' 
i)OX frame made of oast iron was enij)loyed to absorb tla* t(*nsih? 
stress. Sinoe it was impossible in thes(‘ (*omplioated stru(*tur(\s 
to determine wliat part of the total stresses each wall absorbed, 
the frames were alwa\'s made unusually h(‘a^’y as a factor of 
safety. The oast iron was weak undxu- tcaision and \ (‘ry r(‘sistant. 
to compression, whereas oast steel is stron<z:er in tension but dif- 
tioult to oast in tliin seotions. The tie-rod |)rov(al to be the 
answer to some design reciuirenumts. 

Disadvantages of supercharging. Diesel (mgiiu's of the 4- 
oyole type may be supercharged up to 40 to oO p(‘r (out over- 
load without seriously imaxaising t 1 h‘ (‘xhaust t(‘m})('ratur(‘S. 
Supercharging was a logi(*al ado})iion to deoieas(‘ sjiace and 
weight and increase t)utput, Imt thr‘ valia^ of ^njx'rcharging for 
various applications is still being debalcal in >oin(‘ (juai‘t(‘rs. 
Its value for intermittcmt oviM’load is unchall(‘ng(‘(|. ('(‘rtain 
<lrawl)ju*ks may b(' enum(‘rat(‘d h(‘r(‘: 

1. Th(' add(xl blowc'r and its drive is a com|)lioat ion. Su|)er- 
(*harg(‘d engine's are b(*tt(‘r tlian t la* doubl(‘-aot ing 2-ov(*l(‘ typ('. 

2. Many l)uild(‘rs oontc'nd that it is 1x4 ter to add (‘ylindc'rs 
to increase^ t h(' powc'r ratlu/r than blowins that consume' powei* 
if tlie weight-pow(‘r ratio is to Ix' ki'pt down. 

3. It may Ix' conti'inU'd that while' moan t('mp(‘ratun's ma\' 
Ix' about th(* same in sujx'rcliarged as in unsupt'i-ohai-g(‘d (‘iigines, 
the end temperatures arc' somc'what grc'ator, which mc'ans that, 
heat strc'sses are more* sc*\’C'r(‘, a factor in shortc'uing engine' lite, 
and increasing the maintenance work. 

4. The superohai'ger is not a stc'p in the* direction of sim¬ 
plicity. Piston speeds are limitc'd by insufficic'nt vjdvc area 
and supercharging helps to offset this, but the velcx-ity of tlx* 
exhaust gas through the exhaust vabc' is incrc'ased. This 
results in consideral)le l)ack pr(\ssure and valve st(*m trouble's, 
so that means must, be found to avoid tliis. The* exhaust tur¬ 
bine or turboblower causes higlx'r back pressure arxl increases 
exhaust valve diffie*ulties from a niaintenane*e standpoint. 

5. The design of a simple and n'liable* se*avenging blower 
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whirh i.s cconoiniral in weight and space is another problem 
that has long engaged the attention of the builders. The 
positive displacement-type air pump of the Roots design 
rather than the h(*avv piston type has many advantages. 
Klectrically drivfui c(‘ntrifugal blowers are used on larger 
installations but not on smaller lightKmgine applications. 
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Advantages of supercharging. Sonu* engiiuaus (laim that 
super(*harging does not imu'ease cylinder temperatures, and 
that r>0 p(*r c(‘nt power increase is ()l)tain(Ml by an iiH*r(‘ase of 10 
or 15 per (*i*nt in wtnght and spa(a‘ for the Mipercharger. Super- 
(*harging (‘ngiiu‘s where full power is used intermittently is an 
(‘stablishcMl [^rat'titv. l.ocomotives and marine installations are 
examples oi this application. Super(‘harging i^ also (‘laimed 
as a <*ure for insutliciimt valve area and its result, the reduction 
in volunu‘tric etfi<*ien(\v at liigher rotative speeds. 



Ch. 21 


PROBLEMS OF APPLICATION 


51 


A rocent report on Supercharging Diesel Engines \va.s (leli\ - 
ered at the Metropolitan Section of SAE hy Mr. Richard Herold 
of Sulzer Bros., Ltd. His paper was entitled “Snpercharge^d 
Two-Stroke Cycle Diesels/* in wliicdi he says that supercharging 
(2-cycle engines) is not limited to fast-running opposed pisto?^ 
engines, that it has been applied just as weW to medium-speed 
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single-piston (Migiii(‘s, having bores Irom IV } to 21 in., by 
supercliarging pressures up to So psi abs. Mean (‘ffectiv(‘ 
pr(»ssun‘s two or thr(*(‘ tim(‘s those of atmospheric (mgin(‘s hav<‘ 
i>een olitained. As the sup(*rcliarging pn^ssun* inen^asc^s, th(‘ 
importance of tlie blow(*r and turbine increases, too. In the 
conventional engin(‘, the scavenging compressor absortts (> to 
9 per c(‘nt of the engine power. When the charging prc'ssure is 
raised to HO or oO psi, the power absorb(*d by the compressor is 
around 25 to 40 per cent of the engine outiiut. two-stage 
axial (‘ompressor with intercooler may have :( combined (*fHci(mcy 
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well abo\'e that oi th(* two stafj:es. Thii^ arrangeiaent increases 
the weight and cost. Thus the limits of siipercliarging may well 
be <l(‘t(‘rmiiK‘d by eeouoniies ralh(‘i’ than by thermodynamics. 
It is interesting to not(‘ tlial Herold reports that with super¬ 
charger (dliciencies now availal)lf*, Sulzer engines of high output 


l Aiaa. 2-7 

M.\I\ I'lfolM L>H)\ H KVKH'IHI.I. 

If.O H. M.iriiic 

< 'li;i I :i (•: <'M -1 h-n 


l'v[)r 
Ovchv 

Iinr(- ;iikI st Mike 
.\Ajmhrr <»r <• \ liiwU-i 
lOi^Mic -juTd,. 

laix'p :if tiill load .'(iid 
<njpjx'r and Imwci 
( j)frs.-^un-, iipfirr <•>110 


< <impi<‘ssi (111 pr<'ssur<'. I<»\v<‘r <-vlm- 

d<>rs .' , 

I’irinjj: pressures, iijiper evlitiders 
I'iriiijz; juv-ssure". Idwcr < \ liiulers 
I 'liel ediisiliupt l<Ui 
St.'irt .'lir pressure 

.\ir-fuel nil in . 

liUiwer. s»-|)MrMlt' type. 

ni«>\\ er e.Mpjieit y. 

Type of fuel iujeetor 
liijeelnr iin//|e diselirir^e |)n‘ssure. 
Injeclur upper cNliuders 

Iujeetor tiiuiu^, lower <\vlin<lers. 
t’\lirider relief v?d\.sett 
Se.MN eujfiuj; ;ur jjre.ssure 
Mn\iuiuiu «'\li;vust tefupiTjiture 
Lulu'ie.'it iu^ oil ternpenit ure 

t >\ erspeed I rip set. 

\\ ei^lil of engine. 

Histou displui'i'inent, eu in 
lUip per eu in. disjjl.ieeiiient 
W ei>'lit lit per Itlip 


Ooulile-:u t iu^:. revi'rsiltle 
2-.''I roke 

X 111. 

a upper Mud 9 l<*wer 
700 rpiii 
ISOO lip 

' f»S.7 psi (iivy;. loth eyeliuders 
I l.:n 1 niid 12.9: 1 

I 

: .'»00 to ASO pvi 

; lao to r>io psi 

: SSO to 920 psi 
; 72.0 to 770 |)^i 
' 0.12 lit p<‘r H»hp p<*r hr 
i 000 | )si 
i 10 to I 

, .\ot <‘OMtH‘et<Ml t<t eiljiiue 

I SOOO eu ft ))er ruin 
i Ituseli -.solid injeetion 
2S00 psi top, 2200 psi hotlom 
M7 Hefore '11 )( ' 

21 heO.re }U X ' 
j lOr.0 to I 100 psi 
i 1 to r. psi 

! 720 • V 
i ISO^ \ 

! 720 rpiu 

; 2<).2(M) 11. 


density are Imilt with sujH'reharger pressures of 28 to 40 psi 
abs, yielding a brake int'an effecti\e pressure of 140 to 215 psi. 
An engini' sipu'rcliarged with two atmospheres or 28.4 psi has 
an (‘xliaiist out 1(4 prt'ssiirc' of S.4 |)si. Tlie inlet pressure of 
the (‘xliaust gas tiirliinc is practically identical with the super¬ 
charging pressure. 
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It was also found tliat raisinn: tlio siiper(‘li.Mr|rinp; air prossniv 
to IK) psi gave the reinarkalde irsnli of inc?*('asing tho brake' mean 
rlTertive ]>ressure more' than 100 pnr (amt. This sugg(*st('(l still 
higher supercharging pressures. This was tried out and it was 
found that the gain in l>rake mean effective })ressui*e decreases as 
the supercharging is incra'ascal further, owing to the limitations 
imposed upon the engine l)v thermal stresse's. 



I’k;. 2-5. diu^rMiiiinatic liiu* (Ir.Mwiiijr of i\ I from tin* (‘xhaiisl 

si<lo sliows how llio new ( 'ooper-ncssemor <lu:il-fm‘l <Jovi')oj)m('iit is Mssemhiod tn Iln- 
•‘iigino. \A ith this now imj)rovi'mon(, ;iny Imilt ;is :i J <‘;ni 1 k‘ littrd to 

opcTMtc on gas oxcept spark-i^tut<*d ^as on^inos. d o <'ojiv(‘rl ihi* oil caij^im* to ;i ^as 
oiij^ino, it is rnorcly TKaasssary to r('mov(‘ tho fm*! oil syst(Mn tr(mi tlic jj!;()voriior, sot it 
to tlu* iiiiniimim j)ositi()n, and coinK'ct tin* jj;ovr.’ri(»r to tho {;^a.s-r(‘{!;idatiiijj^ \ alvo. 
All this is a('(‘oni|)]ish<*d Mutomati<*ally hy tin* turninji ot a vidvo. 

An interesting development was ol>s(*rv(‘d by Mr. Herold in 
this connection. At suptmcliarging pr(\ssiires of 70 to 85 psi, 
depending on the blower and turbiji(‘ efhoitmcv, t he (‘vcn-increas- 
ing power reciuired by the blow(‘r beconH‘s (‘(jual to tla* power 
developed by tht? engine. TJie power dedivered by the turihne 
also IxMomes as liigh its t hat of t he erjgin(‘. Tlam it is immaterial 
whether it is the Ih(*sel or tla* turbim* driving the l)low(vr. If 
the blower is drivcm l)y th(‘ Diesth, the turbine may well be 
attached to the group. The tur})in(‘ also beconu's th(‘ producer 
of useful power. 
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Gas-Diesel development. A new development in the Diesel 
field that enables the operator to use either gas or Diesel fuel 
lias been developed hy the Cof)per-Bessemer Corporation. Tlie 
engine gives 25 per cent better fuel f*onsumpti()ri than a regular- 
spark ignition gas engine. The engine operates on a wide 
variety of fu(‘ls including fuel oil, natiiial gas, coke oven gas, 
sewage gas, and refinery l)y-j)ioduels. 



1 

Kn;. *2-1). Hrrr is jui ♦•nlMrj'O)! virw sIiowuik th«* jniShoil liy whirli tin- ('()ntn)ls 
MM* tililizoi to troiii uso of oil to ^ms, or viro versa, or <‘\ «‘ji to riiaintnin a 

rnixtiin' ol tin* two w hrn* ttioro mij»;}it ho iriMitliciont j^as to pull a load. It is possi- 
Mo to arranu;** it so that tlu* <‘ti^:in<' automatirally p;o<*s from our to tlio other as 
the nas availahilit y llmtuat<*s. IlundriMls of installations at plao(‘s whorv tin- 
future of tin* fuel sui)ply is une«-rtaiii <*ould solvi- tludr oprratiufr prol)h‘in with 
I Ids ne>\ method ol i-niitrol 

I’he eon\ersi<)n from a li(|ui<l to a gas fu(*l is acconiplished 
without exchanging major parts of the engine, ddie engine is a 
l)i(‘sel engine and not a gas engine. It is tilted to operate on gas 
wluai this is dt*sirai)le. The operation is as follows: 

Wdam optaating as a Diesel taigiiu', if necessai*y to admit gas 
in tlu‘ intake air, the governor immediately reduces the amount 
of fuel oil to comptmsate for the additional heat units introduced 
with the gas. The fuel oil injection is reduced to the desired 
minimum and then the percentage of gas is goveiaied according 
to the load. The system is shown in Fig. 2-5. In actual 
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practice, it is evident that the Diesel engine is converted to gas 
burning by removing tlie fuel oil system from the governor. 





FlCi. 2-7. 'riii.s view of tlx* rf»titrol of a ('oopor-lix.ssfrniT l'y])D JS.-8 
Diesel engine showing the gas-oil operating ineehaiiLsni. This engine is nif(J(J at 
f>75 hp at 400 rpni. 


and setting it in the ininiinurn position to inject a pilot quantity 
of Diesel oil, at the same tijiie connecting the governor to tlie 
gas regulating valve. 
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In order to do tins, a form of eonlrol, as shown in Fi^. 2-6, 
was developed ilial (aiahles the operator to (‘lian^e from oiu" fiK'l 
to the other, or even to arrange for the en^ita' (o go automati- 
eally from one to the oilier as the gas a\ailal)ililv fiu(*tual('s. 
Fig. 2-7 shows a G7o-hp C'ooper-l^essemer engine with this 
gas-oil operating arrangement installed on the control end. 



Fic. 2-10, (luibcrsoii'1-1020Srrirs J Diosrl ougim- • left front vii-w. ILidial, 
9 (‘ylindcr, iiir-coolcd, aircraft ty})c, ada})tcd to um- iii S. Army tanks. 'I'ln* 
engine details are shown in the ta})le of .s])rcili<‘alions. 


Tlie usual means of conversion of otlaa- engines is change of 
pistons, or cvliiider heads, or l>y jn(‘ans of spacers iindfu- th(‘ 
cylinder heads whicli will inerease compression space when con¬ 
verting to gas. Such a conversion also includes changing from 
an electrical ignition system to a fuel oil injection system, or vice 
versa. All of these methods liave been used in the past, and 
hundreds of Diesel engines or gas engiiu^s hav(‘ be(‘n installed 
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and us(‘(l as coin erti})le units on acrouut of some uneertaiiity of 
the future supply of a particular fuel. 

This Cooper-Besseiuer method of hurniiip; gas on the Diesel 
(*y(‘le eoiiserv(^s gas and provides a simplified method of eoiiver- 
sion, and at IIjc same time provides for reconversion to tlu* 
original fuel at any time. This application is of great impor- 



lui. 2-11. 1 >ri,M\r.-irly laSO’s tit'sijrti, hi^h- and nv(‘(liuin-s|H‘t‘d Difsrl, 

.slioxvin^; f«'ahin‘s of ooj'ino hasi* and cranksliaft const met ion. 

tanc(‘ for oil-ti(‘ld compressor engines, which frequently must be 
instidled when* the gas supply is not predi(‘table. 

Priticiple of operation. The gas is admit led with the intake 
air and is comparatively free of any evidence of preignition, as 
miglit l)e expected. The temperature of ignition of a perfect 
mixture of air and nalural gas is actually above the temperature 
reached with 400 lb compression. The range of an explosive 
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mixture even for ^park ip;nition is very narrow, and this engine 
operates with a lean mixture tliat is not too easily ignited; 
the air-gas ratio at full load is still a very lean mixture. At full 
loads the engine would not fire without a pilot ({uantity of oil 
irijeeted with gas. The use of a pilot (juantity of fuel oil when 
ojxu’ating on gas is a distinet advantag(^ Using both finals at 



I iCi. 2-!2 < ‘\ < oil''! j uM Kni f<>. iiuM|nini-v|)(MM| I )m 1 (‘jirh 

la.iO’s (I«'*-1*^11 In I >‘‘Lm\ < r^Mf* 


the same Iiiik' has l)(*en iiaaition(‘d. Actually l»ett<‘r fuel 
(‘(•onoiny shoiild he ])()ssil)le v h(*u using t wo fiH‘ls siiuultan(H)Usly, 
The disadvantages of excc"-*- air a^ j)oint(Ml out in (Miapt(‘r 1 can 
he overcome in part wIkui using mhiu* gas mix(‘d with the air. 
The gas should coiitri}>ute to })ett(‘r mixing and help to p(*rforni 
some of the mechanical functio!is p(*riorm(*d hy pure air. Less 
ignition lag and more uniform comhu‘>tion is douhtk^ss realized 
from this dexa^lopiiKuit. Then* is also th< [)osNihility of using a 




Fid 2-13 ( Vo^s-sfotion of Hoiidv Si^ries 20 B-cvlindpr inarino Diosol This is 

a 4-<>cU*, sin|i;lo-a< f(*np;in<* of (ast-iroii iiionohlock construction, with under¬ 
hung cniiikshaft, icinovahk* ( \ hnder liners, overliead cam shaft, unit injection, and 
auviliarv rlriv< Hirangc'tl at eithci end \ttach(‘d auxiliaries are air compression, 
scavc'iigmg and pressure lube oil pump, centrifugal water pump, fuel transfer pump, 
fuel filt(‘r and instruirn nt board 








Fig 2-14 Earh design of DeliaVergne medium-speed Diesel (800 rpm), showing 
box-frame construction and remo\able liners 
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heavier, cheaper grade of fuel oil to supplement high-priced 
natural gas for some city installations. 

Gas injection Diesel, Another development of rci^ent years 
is the gas injection Diesel engine using an air injection type of 
Diesel engine. Such an engine compresses air only, and the gas 
is injected on top dead center by the injection air compressor 
at a pressure of approximately 1000 psi. This engine uses pilot 
oil injection even tliougli it would operate without it. This 
engine was developed by Nordberg iManufacturing (\)mpany, 
and many large installations have been made in the Southwest. 

QUESTIONS 

1. What items are considered in selecting an engin<» for any par¬ 
ticular application? 

2. The horsepower output of an engine is a function of what 
tliree factors? 

3. What Diesel engine applications r(*(piire low weight {xn* hors<'- 
power? 

4. Name the features of present-day pra<‘ti(*Ml design^. 

5. What general features of inod<uTi d(‘signs an' still unsettlc'd, 
or loss well established? 

0. What special f(*a1ures were emhodu'd in World War II (*ngines 
to obtain greater output pi'r engine weight and spac<* r(*(juir(‘m(‘nts? 

7. What other design features contrihutc'd to w(*ig}it and space 
saving in modern designs? 

8. What siK'cial steel and steel forgings arc' us('d for th(‘ crank¬ 
shaft and cam shaft of such high-s|)ced engiri(‘s as the (’uinmins? 

9. What kind of valve metal is used? 

10. What piston si)eeds were employed for the high-s}x*e(i engine's, 
the specifications of which are given in the tables? 

11. What had to he done to incn'ase or improve the volunu'tric 
efficiency of the high-sfXK'd engine? 

12. Why was valve area increjused? What results from the use* of 
insufficient valve area wb(*n piston spc'cd ami n'volutions are incrc'fisi'd ? 

13. What is the optimum air velocity through the inlet valve? 

14. What maximum exhaust valve velocities have Ix'en metisured? 

15. How do some 4-cycle engines increase breathing ca])acity? 

1C). Are water-cjooled exhaust vah^es practical in high-speed 
engines? 
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17. What is a rough ratio between piston top area and crankpin 
iiearing area? Wrist pin or piston pin area? 

18. What is the advantage of the \'-type cylinder arrangement? 

19. Wliat are tie-rods? What are the disadvantages or objectioris 
to their use in the ultm-high-speed engines? 

20. What metallurgical improvements are employed in the con¬ 
struction of the Mack-Lanova engines? 

21. What is the name of the metal used in the exhaust valve seats? 

22. What wen* the disadvantages of the valve cages and whj" did 
their use in the high-speed engine i>rove impractical? 

23. What were th<‘ir advantages in the old(*r engines? 

24. What metallurgical advantages are in(*orporated in the present- 
day engines? 

25. What is the piston displac(*ment of the Guibei*son T-1020 radial 
aircraft Diesel <‘ngine? What is the numb(‘r of <*uhic inches |x*r horse- 
pow(*r rating? What is tlu‘ weight |H*r unit horsepower*? What is 
the compression ratio? 

20. What are th<* disadvantages of sujH‘rcharging a Duvsel engine? 

27. What probh‘ms are creat(*d by the use of supercharging with 
respect to cooling. Name some of the advantage's? 

28. What is the* weight of the e*ngine, in pounds }K*r horsepower, for 
the General Motors engine? What type of blow(*r does it employ? 
What is the brake* horsepe)wer {)e*r <*ubic inch of piston displac(*ment? 

29. What is the pistein siH*<*el e)f the* Fairbanks Morse*, two-cycle, 
marine engine*? What is the* brake* me*an effective* pre'ssure* at rate*el 
load? What is tlie elisplae*ement, per brake horseiJower, in cui)ic 
inches? 

30. What tyjH* e>f engine* is the* Hamilton, H.O.R. marine engine? 

31. What is its me'an e*ffee‘tive* pre*ssure*? What is the air-fuel ratio? 
He)\v much e\e*e*ss air is this? (II.O.H.) 

32. What is the piston disphwement, brake he)rse*pow'er jx*r 
cubic inch e)f jhston displae‘e*nu»4it, and weight per pound |hu’ brake* 
horsepower? (H.O.R.) 

33. What are the aelvantage*s e)f tlie gas-])ie*se»l engine made l)y 
(k)e)j)e*r-Be*ssemer? How is the e*hange*-over from one* fuel to the other 
accomplished? 

34. WTiat are* some of the possible apj)lications of this type of 
engine? 

35. \Miat are the pe).ssil)ilities of using a cheafx*r grade of fuel oil in 
8U(»h an e*ngine*? 
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36. Is better volumetric eflSciency at higher rotative speeds made 
possible by supercharging? 

37. On what type of installations are the electrically driven blowers 
or superchargers used? 

38. What is the Roots-type blower? 

39. What tyi>es of injector are used on tlie General Motors engines? 
The Fairbanks Morse engines? The Hamilton H.O.R. engine? 

40. Does the direct seating of the valves in the cylinder head per¬ 
mit more effective cooling than the cage arrangement? 

41. What is the area of the main bearing surfa('e (square inches) 
of the Cummins 250-hp engine? WTiat is the ratio to the area of the 
top of the piston ^nth a diameter of 7 in.? (t/4 X D' = ar(»a) 

42. What is the ad\'antage of using welded steel plat(‘ in the fabri¬ 
cation of frames of large engines? 

43. Are heat stresses more sev(‘re in the supenduirgenl (uigine? 

44. How dcK's the turboblower (rausc^ back })r(\ssure and docs this 
contribute to exhaust ^'al^'e troubles? Why? 
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PKOPER and accurate analysis of the basic problems of Diesel 
engine operation is the first concern of the maintenance engineer. 
The higher cost of Diesel maintenance is due to the shorter life of 
liners and pistons, rings and bearings, and to accelerated wear 
of the crankshaft and other rotating parts. Just how these 
elements of the Diesel engine are being gradually and surely 
improved through a better knowledge of and experience in 
solving the problems involved will now be presented in more 
detail. 

The natural handicaps of Diesel engine operation are being 
gradually overcome by the improvements and development of 
better working parts and more intelligent application of the 
Diesel engine. Practi(uilly every mechanical proldem peculiar 
to the high-speed Diesel engine had to be worked out inde¬ 
pendently and means perfected to insure efficient performance. 
Although the Diesel and gasoline engine had much in common, 
gas engine experience afforded little comfort to the operator of 
the Diesel engine, since the operating principle is basically 
different. 

In the prcvsent stage of the development of the high-speed 
Diesel engine, what operating-problems and design-difficulties 
liave been solved, and what are some of the important problems 
remaining to be solved? 

Any effort to supply the answer to this question would be far 
from satisfactory w’itliout looking to the engine builder and 
designer for much of the information and experience rapidly 
accumulating. In subsequent chapters, this book will under¬ 
take to describe the details of the maintenance and operating 
procedure which liave been found resultful in the field. 
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Improvements of engine bearings. Formerly all engines 
used white-metal- or babbitt-lined bearings. The metal was 
spun into place or poured into the cast box or bearing cup, 
or it was made in the form of removable shells. High rotative 
speeds and high maximum pressures contributed to frequent 
bearing failures. The usual kind of failure started with crack¬ 
ing of the babbitt surface, thus weakening the metal. This 
weakening was followed by the spreading and pounding out 
of the metal, the final result being a complete failure of the 
bearing. Any effort to reduce this by better and improved 
lubrication was usually disappointing. 

The fundamental weakness of this type of bearing was its low 
resistance to stress, low physical strength of the >)earing metal 
under high operating temperatures and pressures. Copper-lead 
alloy afforded an approach to the solution of this problem. One 
engine used such an alloy made up of as much as 30 per cent lead 
and 70 per cent copper, but this proportion varied considerably 
witli different bearings. When the mixture had a fine-grained 
homogeneous texture, it was more resistant to the heavy loads 
and high temperatures than any other material used up to that 
time. The use of this alloy was the first important development 
in bearings for the modern high-speed engine. A similar alloy 
is now widely used. 

Bearings for the modern high-speed engine are known as 
the liigh-precisioM type and are made with such precision that 
they are neither bored nor reaimnl nor scraped to fit the journals 
when installed. Worn bearings are simply replaced with new 
shells and have proper precision fit unless the shaft is also worn 
beyond use or tlie clearance, as a result of wear, exceeds the 
allowable limit. Bearing shells are made of steel and the 
copper-lead alloy is applied to the shell. Some of these shells 
are only 0.075 in. thick and have bearing metal applied less 
than 0.025 in. in tliickness. 

The connecting rod big-ond bearings required special pro¬ 
visions, which consisted of machining the crankcase and details 
of the engine with great precision so that the interchangeability 
and replac(unent of the bearings was made practical. The final 
running clearance of the copper-lead alloy bearing is around 
O.OOl in. for eacdi inch of shaft diameter. Tlie crankshaft 
journals designed to use such bearings had to have a hardness 
greater than would have been needed for ordinary babbitted 
bearings. When a new set of replacement bearings is being 
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run in, care must be used to avoid cutting the shaft. The chief 
method of overcoming this difficulty is an ample supply of 
high-grade lubricating oil at all load points, usually a high 
viscosity oil being needed for running in the bearings. Keeping 
the oil clear and clean is a definite requirement also. After the run- 
ning-in period of a few hours, when the surfaces of both the shaft 
and the bearing indicate a surface in p)erfect condition, the use of 
a lower viscosity lubricating oil is found to be safe and satisfactory. 

Cylinder liner problems. Cylinder liners were originally 
suggested to permit easy and low-cast repla(*ement. In the 
early days of the automotive Diesel engine for trucks and 
tractors, cylinder wear was pronounced, and it was a(*cei)ted as 
a necessary" evil. This rapid wear of the cylinder liner was 
often due to faulty air and lubricating oil filters. Improper 
lubrication occasioned by rapid dilution of tlie lul)ricating oil 
in the crankcase was another common experience. The wcju* 
of the Diesel engine liner was much greater than that r>f tlu' 
gasoline engine for the same service. While the wear in su(‘1j 
engines was directly related to dirt drawn imo the engint^ and 
dirty lul)ricating oil, to this had to l)e adcltHl th(‘ greatei* gas 
pressures prodiK^ed in the cylinder, the higher temf)eratures of 
combustion, the residues of that combustion, dirty fuels, and 
the corrosive influence of condensation resulting from ])oor or 
incomplete combustion. 

The problem of rapid wear engaged the Diesel engine 
builder for many years and is not altogetlier solved at the present 
time. As a result of years of effort l)y many manufacturers, 
the rate of wear of a Diesel cylinder liner in many present-day 
Diesel engines is actually lower than that found in competitive 
typ)es of gasoline engines. The chief contribution to tlie solution 
of wear of the cylinder liner was the development of a cylinder 
liner material, a heat-t reated, hardened, ground and honed ni(rkel 
and chrome alloy cast-iron (ylinder sleeve that strands up under 
the (X)nditions of operation. Metallurgical difficulties were 
eliminated by trial and error with various metal compositions 
until now leading manufacturers can predict the wear of most 
(‘ornpositions. Much research is still in progress on this subject 
and new developments are being reported frequently. 

While some of these cylinders have a Brinnel of 450 - 550, the 
mere characteristic of hardness is not the principal preventive of 
engine wear. Grain structure and finish are also important in 
low-wear results. 
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(a) 

Fitj. 3-2. (a) Air ignition, (b) Siirfaco ignition. 
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It was found that a fine-grained texture that would take a 
high, resistant polish is determined by the correct use of chrom¬ 
ium, molybdenum, and nickel alloying elements coupled with a 
series of heat-treating processes carried on during the manu¬ 
facture of the liner. Such liners naturally cost more than gray 
iron cast liners, but the longer useful life offsets tlie extra cost. 
Maintenance experience supports the conclusion that the over¬ 
all cost of operation and maintenance with this high-grade 
sleeve is on a par with gasoline engines in similar services. 
The rate of wear of these liners is shown bj”^ experience to be 
less than 0.001 in. per 500 hr of operation, when the engine is 
operated with clear air, clean fuel, and a clean engine designed 
within the limits of the application. Additional satisfaction 
with the life of the liner is traced to the use of better lubrication 
for the piston rings and improvement of the piston rings both 
in design and material. 

Heat problems in piston rings. Piston rings designed for 
use in the high-speed Diesel engine were found to present a 
different problem from those for the gasoline engine. Simply 
making the ring strong enough to stand up under the higlier 
working pres.sures and shock forces common to the Diesel was 
not the answer to this problem. Special piston ring iron and 
structural characteristics were worked out. Much of the 
problem was related to the piston itself. The conventional 
cast-iron piston was not entirely satisfactory from an operating 
standpoint and was too heavy for rotative speeds as high as 
2000 rpm. Vibrations were severe with heavy pistons. The 
cast-iron piston head did not stand up without scialding and 
cracking under the high-temperature and high-pressure blows of 
Diesel combustion. In lieaA'v-duty engines, however, no such 
problems occurred. 

Alloy pistons. Light-weight metal alloy pistons have a low 
expansion coefficient. When properly heat-treated to iruTease 
the strength, they prove satisfactory in Diesel engines of the 
high-speed design. The Diesel engine operates on a high 
temperature heat cycle and there are high mean temperatures in 
the piston itself. This high temperature causes a breakdown 
of the lubricating oil in service, as indicated by stuck rings and 
a high rate of liner wear. Much effort has been made to simplify 
and improve piston design in order to obtain a low enough 
temperature condition for the piston rings, to prevent carbon 
and gum formation, to make lubrication more effective, and 
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thus reduce liner wear and ring deterioration. Effective 
methods of keeping piston rings in good working order for long 
periods have been sought from many angles. 

The particular system of combustion employed in the engine 
influences to no small degree the high temperature of the piston 
head and the resulting heat problems. This will be discussed 
later. 

Pisioti ring improvements. Diesel piston rings must operate 
in a high temperature zone where the residues of combustion 
are coupled with inadequate lubrication and where the con¬ 
ditions are so severe that the top ring cannot stand up for more 
than a certain length of time. This first ring is subjected to 
liigh bearing pressures against the cylinder liner as a result of 
higli gas pressure. The common gasoline engine piston ring is 
practically worthless in the Diesel engine. Piston rings neces¬ 
sarily have a shorter life than the liner has. One arrangement 
to relieve the ring of the burden of high temperature and pres¬ 
sure is to place the top ring lower or further from the head of 
the piston than is tl^e practice for the gasoline engine. 

Adequate wall pressure by the piston ring is required for 
sealing and this must be maintained for new rings as well as 
worn rings. The metallurgical advam^ement in the making of 
Diesel piston rings iiu'ludes the electric furnaces for iron melting 
and refining and very accurate control. While piston rings are 
made of alloy cast iron, they are not heat-treated, for experience 
shows that the ring must be considerably softer tlian the liner, 
with the ring wear being several times that of the liner. On the 
other hand, when piston ring wear can be reduced, there is a 
parallel reduction in liner wear. The facts are that the useful 
life of piston rings is being increased by better rings and better 
maintenance and operation. 

When hard rings are used with hard liners during the run¬ 
ning-in period, some scuffing of the rings usually occur, a matter 
that affects both the life of the rings and the liner. The danger 
of this scuffing is eliminated when high-viscosity lubricating oil 
is used during the running-in period. 

Development of combustion systems. There are two broad 
classes of combustion systems, the mixing-chamber type and 
the direct-injection type. These are represented by Fig. 3-1 
and Fig. 3-2, respectively 

7. Direct-injection system. The direct-injection system usu¬ 
ally operates at a lower compression ratio than does the mixing- 
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chamber type. Such engines are easier to start and have a 
lower fuel consumption, but the combustion is somewdiat rough 
and the engine consequently rough in opciration. In order io 
avoid too rough running, this type of engine has been restri(^ted 
to lower brake mean effective pressures, Tiie injection nozzles 
used with tins system necessarily have a number of very small 
orificei5 for spray atomization and for penetration. 

Some of the maintenance troubles are tlie result of clogged 
orifices, resulting in poor atomization, which is ac(‘ompanied by 
smoky exhaust. As the soot accumulates, the lul)ricating oil is 
diluted and the crankcase accumulates carbon deposits, which 
have washed down from the combustion spaces. 

Mixing charnhers. The mixing-chamber class of (‘ombus- 
tioii systems consists of either the precoml)ustio!\ chamber 
arrangement or the spherical turbulent chaml)or. The volume 
of the precombustion chamber is usually around 35 per (*ent of 
the total clearan(*e volume. Complete combustion at full load 
does not occur in the chamber. The fuel alreatly burning is 
ejected through the throat into the main cylinder al)()ve the 
piston. The burning is controlled since a definite amount of 
time is invoh ed in this combustion process, which ()(*curs in two 
stages. One advantage is quiet operation tlirough (controlled 
combustion by means of the simple single, large-orifice injecction 
nozzle. This type of nozzle is comparat ively trouble-free. The 
fuel (*onsumption of such engines is fairly economi(*al and the 
power output is large. One disadvantage is that (*old starting 
is a little more difficult than with the open cham))er with direct 
injection. Such engines also have some tendency tow^ard a 
smoky exliaust at heavy loads, especially w hen low- grades of 
fuel are used. 

The spherical turlmlent chamber operates on the basis of air 
turbulence to improve mixing and Imrning. Its volume may 
range from 50 to 70 per cent of the total clearance volume. 
The nature of the combustion proicess is similar to that which 
occurs in the precombustion chamber design. This type of 
chamber has been highly developed and gives very low fuel 
consumption and very little smoke in the exhaust. When 
operating at high compression ratio, the turbulence chamber is 
satisfactory in starting down to freezing temperature. The 
combustion is somewhat rough and noisy, but considerable 
improvement has lately been made in this respect. Water- 
cooled injection valves, insulated pistons, and shielded com- 
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bastion chambers are some of the improvements undertaken 
with tiiis class of engine. Compression ratios as high as 
18 to 1 have been reported, and the development of the shape of 
the chamber to reduce surface to volume ratio has been under¬ 
taken, in order to ol)taiu more complete combustion and cleaner 
exhaust without smoke. 

Pressure lubrication. Several years of intensive develop¬ 
ment under actual field conditions liave been required to refine 
and improve the details of pressure lubricating systems, so that 
tliey are dependable and reliable according to engine builders. 
One difficulty has always been that oil is so viscous in cold 
weather that tlie pressure in the circulating pump rises to a 
high point and overloads the oil pump drive. Some sort of 
relief valve at the pump, set to open when the pressure rises too 
high, has usually been adopted to avoid these high pressures. 
Wlien large amounts of oil are circulated, all points are lubri¬ 
cated, and this lubrication helps cool the hot metal engine parts 
at higli rotative speeds. Careful attention has been given to 
the matter of preventing the fine dirt and grit from finding its 
way into tlie oil and being carried to the bearings. External 
oil lines have almost been eliminated. The brazed tubing used 
to convey oil to the bearings has been eliminated in some engines, 
and in its place are drill passages in the pump body. Cored 
and drilled passages in the crankcase casting supply oil to tlie 
main liearings. 

Proper lubricating oil pressure. It has been found that oil 
pressure must be kept as low as practical in order to reduce 
lubricating oil consumption and prevent oil pumping. Con¬ 
sequently the amount of oil circulated depends upon the pressure 
to be maintained in the system. Very few engines operate with 
lubricating oil pressures higher than 25 to 30 psi, a pressure that 
generally gives all-round good results, but some engines operate 
with a lower pressure. When filters become clogged and cut off 
the flow" of oil to the bearings, serious results follow. This is 
prevented by the use of a by-pass valve between inlet and outlet 
of the filter to open at a set pressure. Sometimes these by-pass 
valves give trouble as a result of sticking, but some of the latest 
developments have overcome this difficulty. One of these 
valves w'as so-designed that it w"as easily removable for inspec¬ 
tion, and it was nonadjustable to prevent the troubles usually 
occurring with the adjustable type when faulty adjustment was 
made by inexperienced operators. 
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Valve stem lubrication. Much trouble has been experienced 
as a result of failure to keep the valve stems lubricated. The 
operator either did not oil valves or used excessive amounts 
under the average conditions. Practical schemes have been 
worked out to insure lubrication of the valve stems, such as a 
strip of felt resting on the rocker arm to prevent an oversupply. 
The amount of oil which flows is governed by the width of the 
felt strip in contact with the rocker arm. 

Filter difficulties. Effectiveness of filtering depends upon 
the rate of circulation of the oil through the filter element. 
The metal filter is widely used and preferred from the stand¬ 
point of servicing and cleaning. However, this type of filter is 
not so efficient as a filter that has an area of approximately 
100 in. per gallon per minute of oil circulation. This is et^uiva- 
lent to a volume of 4 cu in. per second passing through the 
filter. Failure to clean and service filters is more often the 
trouble than the filter itself. 

Intake air filtering. The problem of filtering the air for a 
Diesel engine requires consideration of several factors. Since 
the Diesel engine operates at w’ide-open throttle conditions and 
low minimum depression, a larger filter than would be satis¬ 
factory on the gasoline engine is required. This ratio is about 
5 to 3 compared with the gasoline engine. filter that is too 
small is one of the first troubles to look for on a Diesel engine. 

Efficiency of the filter is the next most important item since 
any silica dirt that passes the filter and is deposited on the 
cylinder walls increases the wear of the liner as well as the 
rings. The failure to keep air cleaners free of dirt and accumu¬ 
lations is a common failing of the operator, .\lthough the filter 
cannot be 100 per cent cfficaent even witli the best care, it must 
be serviced promptly as instructed by the engine manufacturer 
or disastrous results may be experienced. 

Filters for air intake for Die.sel engines have been highly 
developed, the latest types being nonclogging even in air carry¬ 
ing a large percentage of dirt and dust. 

Importance of clean fuel oil. No requirement of operatioii 
is of greater importance than clean fuel oil, and the experience 
with this problem indicate the nece.ssity of providing clean fuel 
at all times. Special ecpiipmcnt such as laistproof supply 
tanks used in direct connection with the engine are now specified. 
Experience has shown the need for cylindrical strainers fitte<l 
over the outlet in the bottom of the tank and centered by 
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the filter opening flange at the top. The strainer provides two 
passages of the fuel through suecessive stages of filtering. 
Storage tanks are also const rue ted to provide a strainer con¬ 
sisting of mesh l)ronze wire cage through whi(‘h all fuel going 
to the tank passes. The bottom of such tanks has a large drain 
for water, and settlings are drained off per instruct ions. 

Water traps and filters are also placed between the tank and 
the injection pump. When w^ater is in a state of emulsion, 
there is great difficulty in extracting it from the fuel. The 
water trap works on tlie principle of intimate surface contact 
between the liquid and metal, and the differen(*e in surface 
tension of a globule of water and fuel. The low velocity 
movement of the fuel stream also contributes to the effective 
operation of the water trap. For proper handling, thc> fuel is 
usually pumped against a low pressure of approximately 25 psi 
through a large area of virgin wool triple-weave cloth at the 
rate of 1000 sc| in. of cloth to a gallon per minute. The fuel 
next passes through an edge filter, averaging 0.0015-in. mesh, 
to the injection pumps. 

Sometimes an operator may permit dirt ti) get into tsystem 
when disassembling and inspeeding the apparatus. Tlie use 
of a jet-type filter at each suction port just ab()\'e the suction 
valve has proved effective in excluding dirt from the pump 
barrel when it has been inadvertently left- in tlie system. A jet 
filter of the same type, but usually with a 0.001-in. spacing, is 
used in connection with the injection nozzle, insuring effective 
operation of the nozzle without dirt and grit that might have 
been by-passed from the pump. 

Complete rustproofing of all the parts of the fuel iiije<*tion 
system and the use of hardened and corrosion-r(\'<isting alloy 
steel for moving parts in contact with th(» fuel are (‘ontributing 
factors to the more successful performamre of Diesel injection 
systems on modern engines. 

Lubricating oil coolers. While* coolers or hcuit exchangers 
are not necessary in every case, the\' are liighly beneficial because 
cool lubricating oil maintains its viscosity and t hereby lubricates 
more efficiently than does hot oil. The engine Imilders liave 
settled the question of how cool the oil should l)e kept for engines, 
and in most of the instruction books tlie instructions are very 
definite. The usual ccK)ler has sufficient capacit}^ to cool the 
oil to 135 to 165^ F. The size of the ccK>ler needed depends upon 
the cooling-water conditions; the climatic re(|uirements influence 
the size to some extent. 
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Oil purifiers. In stationary power plants and on marine 
installations, the centrifugal oil purifier for cleaning the fuel 
oil has come into general use. Fuels are, delivered under 
(conditions which sometimes result in dirty fuels, which, of 
course, must be cleaned. The purifier removes from the fuel all 
water and sediment and some of the ash-forming constituents. 
C'entrifugal purifiers greatly aid in reducing the rate of engine 
wear through cleaning the fuel before it enters the supply tanks. 

Guides to Operation and Maintenance 

A program for operators of Diesel engines that covers mini¬ 
mum requirements for su(cc*ess was outlined by the Field Service 
Department of Cooper-Bessemer Corporation, which stresses 
the importance of keeping a running account of the engine. The 
first and most important step is keeping a log sheet and record. 
This device furnishes data that will indicate when repairs are 
needed, and what precautionary measures are required for 
anti(iipating problems of basic operation and maintenance, A 
sample log sheet is shown in Fig. 3-4. 

Ilie l)asic problems of operation as defined in this chapter 
should receive the recognition that experience justifies. The 
operating tecdiniques involved and the routine practices and 
procedures presented by this guide to operation apply the les¬ 
sons of experience to the prevention of maintenance troubles 
and help to insure better operation of the engine. The pro¬ 
cedure now presented is representative of tlie best operating 
practices. The author is indebted to Ralph Boyer, Cooper 
Bessemer Corporation, for his help in this connection and for 
the use of this outline of operating procedures. Taking the 
log sheet as an indication of the steps to be followed and the 
data to be recorded, it is found that the most important con¬ 
siderations are the lul)ricating oil, the fuel oil, cooling water, 
air-starting system, temperatures of the water and oil, pressures 
of tlie oil and water. Thus,-the temperatures, pressures, exhaust, 
colors, and so on, are definite indications of the operating 
conditions. 

Lubricating oil consumption. Check the level of the oil every 
day. Add to the supply when necessary. Make a careful 
record of the amount of oil added. The lubricating oil con¬ 
sumption is figured in horsepower hours per gallon. When 
the engine is operated at rated load and speed, the horsepower 
rating on the engine name plate is used and is multiplied by 




77 


ianiple log slicvt for Diesel engine plants. 

















78 BASIC PROBLEMS OF OPERATION [Q. 3 


the number of hours nm since the last oil was added. This is 
divided by the number of gallons used. 


Example: 

The engine is rated at 500 hp at 400 rpm. Since the last oil was 
a<lded to th<* system, the engine ran 30 hr at rated speed. Assume 
that 4 gal of oil were added to bring level up to normal. Then the oil 
consumption is: 


.5(K) X 30 

7 X 


15(KK) 

. 4 '"“ 


= 3750 bh{>hr per gallon 


It is difficult to calculate the lul)ricating oil consumption by 
this method when the engine is operated at variable load and 
speed. Instcji-d of the above the following method is then 
preferrcnl: Assume that the engine is new or in good operating 
condition. .\n accurate record should be kept of the total 
hours operated and tlie amount of lubricating oil consumed. 
From this data, tiie average lubricating oil consumption can 
be determined. After the average lubricating oil consumption 
is established for the op(»rating condition, it is then an easy 
matter to (hdermine any variation or dete(*t deviation from t his 
average. Wh(‘ne\'(n* the average oil consumption drops off, 
or tlie l(‘vel of tlic oil increases, look for evidence of fuel oil 
leaks and water l(»aks into the lubricating oil. Should the oil 
consumpt ion increase suddenly, look for a leak in the oil piping, 
engine base, or cooler. Regular inspection of these parts is 
also indicatcMl. Und(‘r normal operating (*onditions the lubricat¬ 
ing oil ('onsumption should generally remain (‘onstant. When 
piston ring and cylinder liners become worn, the lubricating oil 
consumption increases. Usually this increase is gradual as 
the wear rate progresses beyond the allowable limit. Tliis 
problem will he discussed in complete detail in the chapter on 
pistoiis and rings. When the wear exceeds the allowable limit. 
tluM’e will l)e blow^-by of the compression by the piston rings, 
and as this co!itinues the engine efficiency will fall off, as indi¬ 
cated by increased fuel consumption for the same power output. 
It is evident that when t he lubricating oil consumption increases 
in a normal manner to this point, it is no longer economical to 
operate the engine in such a condition. A general overhaul is 
then in order and should include checking of cylinder liners for 
w^ear, replacement of ring, and installation of new- pistons. 
Planning an overhaul and inspection of such parts w^ill be pre¬ 
sented in the chapters on maintenance procedures. 




Fig. 3-5. Fairb.-.nks Mor^c opi«..‘.fHl-pi-tcm 1 )ir-.cl .-iidiiK- - l:,j „ut <.f . IomhI .rmiii.R sysi.-m ahowin* pipinfc arranKPm.-nt 



so BASIC PROBLEMS OF OPERATION [Ch. 3 

Special governor lubricating requirements. Additive or 
detergent oils, ordinarily used to lubricate the engine, should 
never Ido used in the governor. The oil level in the governor 
should be elu'eked dailv% and only clean oil added. When oil 
must l)e added to the governor more than once a week, the 
governor should be removed and the oil seal around the drive 
shaft replaced, according to the governor instruction book. The 
governor is a delicate and a very finely constructed mechanism 
that deserves special care and attention. 

Exhaust valve oiling. The exhaust valves should be oiled 
daily. The use of one of the following types of oil is recom¬ 
mended : 

1. Penetrating oil. 

2. A 50-50 mixture of kerosene and lubricating oil. 

3. A 50-50 mixture of fuel oil and lubricating oil. 

The best practice is never to use plain, undiluted lubricating 
oil and certainly never grease. The high temperatures to which 
the valves are exposed bake the oil and cause the valves to 
stick in the bushings or guides. On top of the cylinder head 
cover on some engines are small oil cups to which should be 
added a few drops of oil daily to lubricate the valve tappets. 

Fuel oil supply. The cost of operation is determined by 
keeping a record of the amount of fuel used. When the fuel 
oil supply is checked daily and the proper amount added, a 
record is made of tliis on the log slieet. 

Fresh water. Abnormal loss of water is an indication of 
leaks from the cooling system. The fresh-water supply is 
checked and water added to the system when necessary. A 
record of water added in some installations should be kept. 
The importance of amount evaporated or lost depends upon 
the design of the cooling system. A routine check should be 
made regularly of the water pump packing, piping connections 
to the engine jackets, such as the water jumpers, and the liner 
seals for leaks of all kinds. When excessive leaks are found or 
when water gets into the lubricating oil system, the engine 
should be slmt down and the leaks repaired. When the leaks 
are small, the fact can be indicated on the job chart and the 
leaks repaired at the next overhaul or maintenance period. 

Drain air tanks. Once a day, the blow-out valve in the bot¬ 
tom of tlie air tanks should be opened and any accumulation of 
moisture, oil, or dirt blown out. Failure to do this permits the 
accumulations to contribute to starting difficulties. 




IG. 3-6. Fairbanks Morse opposed-piston engine—layout of open, or raw-water, cooling system, 
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Lubricating oil strainers. The handles of the lubricating 
oil strainers should be turned several times a day. There is 
no harm in turning them often; they are less liable to clog when 
they are turned regularly. However, never force the handle. 
If it is difficult to turn, find out why. 

Care of engine. A good operator keeps his engine clean. 
Dirt around ah engine is harmful. Cleanliness pays good 
dividends. Whenever water and oil leaks are found, they 
should be fixed if they are serious, and if small, a record should 
be made in the repair job book so that the work can be done at 
the earliest maintenance period. At the same time, find any 
loose bolts and nut s, and tighten them. Loose nuts and bolts 
indicate loose operation. 

Temperature records. The importance of temperature 
observations and reciording cannot l)e overestimated. Good 
thermometers and pyrometers, kept in proper operation (;on 
dition, are essential. The following temperatures should be 
given careful attention. 

Water temperatures. The temperature of the water in the 
cooling system should be observed and recorded in the engine 
log book at regular intervals. Correct water temperature is an 
indication that the cooling system is functioning properly. 
When the temperature is above normal, the trouble should be 
investigated at once, for it is trouble. The following are steps in 
checking the cooling system: 

1. Adjustment of the by-pass valve at tlie heat exclianger or 
valve that is not properly set somewhere in the piping. 

2. Water supply—see that there is plenty in t he system. 

3. Ijack of circulation—this ma\' be caused b\' failure of 
the pumps, a plugged heat exchanger, or radiator, oil cooling, 
or stoppage in the piping. 

4. Restriction in the engine water-jacket (*ooling spaces or 
passages in the water circuits. 

When the trouble is not located almost immediately, shutdown 
the engine and investigate the water system tlioroughly. Every 
operator must be thoroughly familiar with the details of the 
cooling system used on his engine. Prints of the original piping 
drawings should be obtained from the manufacturer of the 
engine. 

When the water temperature is below normal, the by-pass 
valve adjustment at the heat exclianger should be checked. 
There is an automatic three-way valve on some engines located 
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at the heat exchanger. A routine program should be set up to 
inspect this valve periodically to keep it in working order at 
all times. Likewise, some engines are equipped with an auto¬ 
matic water temperature alarm or a shutdown device. Unless 
this device is kept in proper working order by regular inspection, 
it cannot be depended upon to do its duty. After the engine 
is started, the by-pass valve at the heat exchanger should be 
adjusted to bring the water temperature to normal for the 
temperature of the weather. 

Exhaust temperatures. It is an established practice to ob¬ 
serve and record exhaust temperatures on the engine log sheet 
several times daily. The temperatures of each cylinder are 
recorded at the same time. Unbalanced temperatures l)etwee!i 
any two cylinders are watched carefully. The exhaust tem¬ 
perature between any two cylinders should never vary mon* 
than 75° F at full or three-fourths load. When any unbalance 
is evident, inspection should be made and the following adjust¬ 
ments made in order of their importance: 

1. Inspect pyrometer to make sure it is in good working 
order. It may be ne(*essary to remove and inspect the thermo¬ 
couples; the wire and connections should also l)e inspected. 

2. Remove the inspection nozzle from the cylinder whos(r 
exhaust temperature is out of line and place it in the nozzle 
holder. The removed nozzle should then be tested with the 
priming pump, making certain that the initial pressure setting 
is correct and that the spray pattern is also correct. If the 
nozzle is found to need adjustment, remove all nozzles on tlie 
engine and reset them in accordance with the engine instnu^tion 
l)ook, in whicli the proper pro(*edure for nozzle adjustment is found. 

3. If the nozzle is found to be in proper working order, 
adjust the fuel injector tappets for the proper duralion and lift 
and check the fuel injection timing. Tlie instruction book 
details the proper procedure for this also. The operator must 
know the correct timing of the engine, the speed, and the type 
of service. When he is unal)le to determine this for himself, 
he consults the field service department of the manufacturer. 

When all temperatures of the exhaust are higher than the 
average temperature at tlie normal load and speed, it ma}’ be an 
indication that the engine is overloaded or that th(‘ main valve 
timing is incorrecd. 

Exhaust color and load condition. When the exhaust pipe 
emits the least amount of smoke, this is an indication that the 





o o * ^ 


cc • 

c a 


•S S S = 


p - 


p » 

li|- 

S =7 
(D “• a 
5 = 

^ S -o - '2 


g||-1 
|^s1-§ 

* -•= £•§ 

= “-55 o S 
o bc S g ^ 

OQ tn C 

•2, ^ ^ ^ rt 
.3 C g a 
. -£3 3 . '■ 

P ^ ^ ^ ^ " 

SccAs— fi’' - 

a g >> fl "" '5 »:, § ® 

^ “Is."! °.i 

^ g g.s- S £ 117 

'^.S o)^’^ SIT o ftsJ 
’^5 IscSt: ''■' 

t ^ ° C3 O - - 

‘Jo "5 

CJ ' —i - 

ScSo83ajS>-ipH s 

3 ej X y Oi ^ C 3 

’oS»-i^q^?5 lS4; 
- oj o . ± <4 ^ 
, ^ a a>£.ii 
! — p o a 

c; 


idl'-S^ ||E- g 

! 08 i OJ S >-( ? S 
\ r-[ w «*-< «+-< ,3 -• F 


Jt! 

‘H S-o t:’:5 

^ 0) 


^ ^ 'o 


‘S p ’5 d 
g .;g 


4> S 
.P ^ X 


- O "o .: 
■ 


OjPjJ'M.'PpJii 0/0/ 

p Pn -f./ * X ?5 

® V _C 'J£ 4> O P O 4 

‘a'^ §ps B T! a&a 

1 T3 >tSPS4pO^ 

'd c -r j 3 

X 5 'S 4 c ^ 4 
OmxPoaFCu.^'^ 


p ® 
O 


a 


»2.S 2 ? F s-c: 

.r':: p ^ & g P ^3 p 


a 

® S S 

P O) “ 


£ 8 


4; GJ • 


• 3 * J- X ^ T! "P 
X P 4 .2 4 ^ (j^ 

g.i ?' = .= 

C S^'S r ^ 'S 4 4 

■S- s ^5rr 

g ^ Qi .= C 8 •" 


~ O 7 j w ^ 

.2 S 4 .p 

'^■zi t «s o % 

"rH ®.s 3 




® 4 .2s 


;|s l:s-’s 

^3--= c ;i'g^. 

"V 44 p.>^ 

O ea ^ 

4) 4/ p -' TV, 


P p'd^ ^ 4 

^'TSP'P 


^.S .2 . ® p ’^ £ 

^ Jt! T 

P'2«H F 5^ 

^ ^ CCt •PM gj 0^ flS ?3 

J=4ii°a4r^4^2,p 

ou'p 

£i*ia.s 


85 




86 


From Priming Pump —* '— To Centrifuge 


.2 5 a c i S -S >r «s 

r* .S « o 'S, o ^ 

Jl||l|||l|| 

a ill bl^Jt S. 

■§1 i'l ^ 

°* ” ^'3 *“■» 2 V ■« "B i 2 

b£)33 I^p^cGc 3>^—«^-*-'C 
fl 03 O a: ^ 'e •- •* 

;s^ ^ II ^ i £ 

5f ® 'SiSii 

■ fl aQ t4-i . t> .2 ‘C O 

l?.s's = g|i;got8 
"5S?C'Si=tg^S'^Si^'5 
3 ^ 'Q Sc P ^ 'd 

■| § ^ i -5 S I'S o |*s § 

S G O! o ,"2 r *-• 

|g^ai§gE|;:;'o2 

I ill «f 2 

•d .Si c b£-^-§|^'§ c-5 

|lli'^i1ll|li 

Ciicr.'.-xfc.i.*-;?25,o2> 

C fc 5 5 2 £f 

a ^ ® C-'>^ ^'Tr.z: ^ u 5^ 
tc'G2- 9^G ^ ^i:GX! 

^ S -g i c i" 11 'I 2 a 
|l^ a-lifFIai 
J I'l II J H 11 *5 I g 

.i -2 •■<: S - " S -c 

t 8|-il4 * I 5 

«C.*-'.3G3o5C''.£®-'' 

g-|“Ec3t:g_-rS , 

5 ►. c- ?: ►-1 ^ 't- .2 c , 

<u“ 52 £S .2 -=T-= 

23 g *< 2 ® 2 - ./ t:'~ ^ 

’3 *S 2 ^ i; Z 

§J >1P >" s 

s 5 ^ ^ - 5. r . i: 

S G § ?^ G *^_G -G M 

1’^ sl::^|-lf 

» 2 o . t: ■;: G- G .c c 1: ^ 

• S ^ 'S ,2 G o < 

bCft5 G-2 ^ Jt, Sh-2^ U 
G ^ » O' S ;= -G •= g -G .S 

^ ^ - ‘g 5 § :s ^ c *5 o f 

2 -d 0.5 ^. 2 .-^-g ap 

S;’^ 2 5f M < ^ ^ 

oo-=§fla^£g= ->- 

<A g- fi 5 “ £■ c g •= I 


3 .2 *r G 5 .G -G i:* o 5« — ; 

.3 ‘C »= -^ G 5 .g o y &• 
bC^ © u O g - 

3 G:S^ o. 


87 



88 


BASIC PROBLEMS OF OPERATION 


ICh. 3 


engine is running under ideal conditions. Improper combustion 
and excessive oil burning account for the presence of smoke in 
the exhaust. The color of the exhaust should be observed at 
least daily. When the exhaust becomes smoky suddenly, the 
trouble should be investigated by checking the following: 

1. The fuel injection nozzles. 

2. Worn or sticking valvejs. 

3. Overloaded engine. 

4. Stuck piston rings. 

Whenever the engine smokes at light loads and speeds, it is an 
indication that a high lubricating oil consumption has set in, 
and causes for this should then be investigated. 

LubricMing oil temperatures. The lubricating oil temper¬ 
atures are observed and re(*orded at regular intervals. The 
corre(^t oil temperature is an indication that the lubricating 
system is functioning properly. When the temperature of the 
oil is abnormal or al)ove normal, this trouble should be investi¬ 
gated at once by checking the following: 

1. Setting of by-pass valves in tlie raw watcn- at the oil 
cooler. 

2. Oil pressure-chec'k in accordance with oil pressure chart. 

3. Oil supply. 

4. Relief valves in the system- particularl>' at oil cooler. 

5 Lack of oil circulation, due to failing pumps, plugged oil 

cooler, radiator, filters, strainers, or piping. 

() Resti’iction in engine oil passages, or any place in tlie 
circulating circuit. 

Whenever the trouble is not located at once, shut down the 
engine and investigate the system thorouglily. Every operator 
must l)e thoroughly familiar with the lubricating oil system of 
the engine, and if not, the information in tlie instruction book 
must be studied, Revere damage may result wlien the engine is 
operated with abnormally high lubricating oil temperatures, 
whicli arc always dangerous and indicate need of immediate 
correction. Failure to correct them is negligence on the part 
of the operator. 

When the lubricating oil temperature is below normal, 
regulate the by-pass valves at the oil cooler. On some engines 
there is an automatic three-way valve at the heat exchanger, 
which calls for a program to be set. up for this valve to keep it in 
proper working order. When engines are operated with the 
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lubricating? oil temperature too low, the oil has a tendency to 
form sludge in the crankcase, with accompanying poor lubri¬ 
cation. Filter maintenance is increased by sludge of this kind. 

After starting the engine it is necessary to adjust the by-pass 
valve at the oil cooler to bring the temperature to normal fpr 
the condition under which the engine is operating. It is also 
good practice to maintain the lubricating oil temperature at or 
near, but never exceeding, the cooling water temperature—a 
good rule to remember. ' Consult the instruction book, however, 
for all temperature requirements. 

Engine lubricating oil pressures. Incorrect lubricating oil 
pressures definitely indicate one of the following: 

1. A broken gauge or oil line. 

2. Worn oil pump. 

3. Leaking oil lines. 

4. Relief valve out of adjustment. 

5. Low oil level. 

6. Sludge, or obstruction, in outlet from engine base or sump 
tank. 

If pnjssures cannot be obtained after oil has reached operating 
temperatures, perhaps none of the above apply. If this is the 
case, t-o check for l)earing clearances is next in order. Too much 
clearance indicates bearing wear. 

Fuel pressures. Incorrect fuel oil pressure is usually an 
indication of several minor troubles: 

1. A broken gauge or fuel line. 

2. Failure of fuel pump. 

3. Open nozzle, indicated by black exhaust. 

4. Worn or improperly adjusted linkage. 

Should the trouble be traced to the fuel pump, and should tlie 
fuel pressure go to zero as soon as the engine is stopped, check 
the valves in the fuel pump and distributor blocks for leakage, 
in accordance with the details outlined in the instruction book. 

Monthly preventive maintenance schedule. Once every 
600 hours, or at least once a month, the following monthly 
maintenance and inspection program should be carried out 
faithfully and in detail. Proper records should be made. 

Lubricating oil strainers. Drain and remove the case on the 
lubricating oil strainers and clean it thoroughly before replacing. 
Look for evidence of babbitt particles in the lubricating oil 




Fig. 3-9. Air starting piping, Fairbanks Morse opposed-piston engine. 
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strainer as this is an indication of bearing troubles or failures. 
Whenever babbitt is found, immediately examine main and 
connecting rod bearings. Find out the failure or start of failure 
if all must be removed. Details of bearing maintenance and 
inspection are given in subsequent chapters. Every effort to 
keep strainers clean is justified. 

Lubricating oil filters. Clean the lubricating oil filters once a 
month, and oftener if necessary, as indit^ated by the condition 
of the oil. Some filters can be cleaned while the engine is in 
operation, whereas others require that the engine be stopped. 
The instructions on the filter give information on its care. 



Fi(! 3-10. Hacharach [)n'ssiiro indicator for direct r(‘adin|]5 of compres¬ 

sion and firing pressuies of any type of Diesel engine at any speed or rate of pres¬ 
sure rise. 

After operating the engine for a few months it may be pos¬ 
sible to deviate from the montlily schedule for cleaning the 
filters, as the operating conditions vary from one installation to 
another and from month to month. Tliis makes it difficulti to 
set up a definite time schedule for this matter of cleaning filters. 
Experience, however, will show the need for the work. 

Grease fittings. Fill all grease fittings on the engine once a 
mont h, using proper grease, and being careful to use ball-bearing 
grease for ball bearings. Have a list of proper greases for the 
engine and use them. 

Over speed device. An overspeed shutdown device is used on 
the engine, and this should be checked once a month to make 
sure that it is in proper operating condition. Usually the over¬ 
speed is set about 10 per cent above normal rated speed. Test 
by overspeediug the engine until the overspeed trips at the 
proper speed. 
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Day-^tank inspection. Open the drain valve at the bottom of 
the fuel oil day tank and catch the drain-off in a bucket or can. 
Make every effort to get all the dirt and condensate out of the 
tank. Flush and clean if necessary. The water should be 
drained from tlie bottom of the storage or supply tank once a 
month, and the lines checked for rust accumulations^ sediment, 
and foreign matter in general. 

Top overhaul. Remove the cylinder head covers at least 
once a month and inspect the general condition of the main 
valves, rocker arms, and so on. Look for unusual oil streams, 

fuel oil leakage, blow-by, 
water leaks, and the like. 
When troubles are found, 
they must be corrected as 
soon as possible, and a 
record made of the find¬ 
ings so that an overhaul 
can be scheduled. Check 
tappets for clearance and 
all valves at the rocker 
arms. Consult the in¬ 
struction book for details 
of top overhaul. 

Compression and firing 
pressures. The peak pres- 



Fig. 3-11. Adapln for coiiriocting indicator SUres should be taken OllCC 
to cylinder cockb. a month if possi})le. The 

proper performance and 
engine balance is indicated by these pressures. The varia¬ 
tion in pressures between cylinders should not exceed a maxi¬ 
mum of 100 psi. If pressures increase or decrease over the 
last reading, the reasons should be investigated and the obser¬ 
vations from the log sheet studied to determine the underlying 
conditions that may contribute to the unbalance. Peak pres¬ 
sures are affected by nozzle condition, fuel timing, and load on 
the engine. Ring conditions and linear wear may also be 
related, as well as leaking valves and ruptured gaskets. 

While checking the peak or firing pressures check the com¬ 
pression pressures. To do this close the shutoff valve at the 
fuel injector for the cylinder whose pressure is to be measured. 
Compression pressures are influenced by piston ring condition 
and liner wear as well as leaky valve conditions. Whenever 
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compression pressures fall below 375 psi^ the engine is due for 
an overhaul and reconditioning. 

At six-month intervals, the main engine valve timing and the 
like should be checked. This also applies to checking timing 
chains, valve tappet clearances, and the lubricating oil drive 
shafts for pumps, and to lubricating the coupling. 

Relation of cylinder pressures and exhaust temperature. The 
following is a guide to using the pressure indicator and the 
pyrometer: 

High Compression Pressures 

1. With low exhaust temperature 

a. Cylinder gasket too thin 

b. Shim between connecting rod and crankbox too thick 

Low Compression Pressures 

1. With high exhaust temperature 

a. Leaky valves 

b. Leaky or stuck piston rings 

c. Worn cylinder liner 

2. With low exhaust temperature 

a. Cylinder gasket too thick 

b. Shim between connecting rod and crankpin too thin 

c. Excessive bearing (dearance 

3. With normal exhaust temperature 

a. Air cleaner or silencer clogged 

b. Blower air delivery below par 

High Firing Pressures 

1. With high exhaust temperature 
a. Fuel rack too far in 

2. With low exhaust temperature 
a. Injection timing early 

3. With exhaust temperature normal 

a. Eroded orifices of injection nozzle 

Low Firing Pressures 

1. With high exhaust temperature 

a. Injection timing late 

b. Exhaust valve clearance too small 

c. Injection nozzle dirty or leaking 
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2. With low exhaust temperature 
a. Fuel rack too far out 

3. With normal exhaust temperature 

a. Low cetane fuel 

b. Air cleaner or silencer clogged 

Normal Firing Pressures 

1. With high exhaust temperature 

a. Overload 

b. High exhaust back pressure 

2. With low exhaust temperature 

a. Light load 

b. Thermocouples defective 

3. With normal exhaust temperatuie 

a. No evidence of difficulty 

b. Normal operation, engine functioning satisfa(*torily 


TRorBLK Shooter’s (Joihio 


Pyrometer 

Headings 

Pressure Indicator Readings 

Exhaust 

Temperatur(^s 

(’om press ion Pressures | 

t'iring Pressures 


Low 

Normal ' 

High 

Low 

Normal 


HC 

LC^ 

NC 

HE 

1.F 

NF 

High-Hl<] 

1 

17, 18, 19 

4 

10 

7, 8, 9 

4, 5 

Low—LE 

2,3 

20,21,22 

0 

15 

13 

0, 4 

Normal—N I'] 

1 

12, 23 

1 

13, 14 

11, 12 

1 


( uneSj Kernedies: 

1. Normal openiUon 

2. Cylinder too thin 

8. S'him hotwoon connecting rod and entnkpin box t(K) thick 

4. Overload 

5. High (‘xhaust hack pressure 
(). Light load 

7. Injection timing late 

8. Exhaust valve clearance too small 

9. Injector nozzle dirty or leaking 

10. Fuel rack too far in 

11. Low cetane fuel 

12. Air cleaner and silencer clogged 
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13. Fuel rack too far out 

14. Dirty fuel 

15. Injection timing early 

16. Eroded orifices of injection nozzle 

17. Leaky valves 

18. Leaky or stuck rings 

19. Worn cylinder liners 

20. Cylinder gaskets too thick 

21. Shims between connecting rod and crankpin box too thin 

22. Excessive bearing clearance 

23. Blower air delivery below par 


Opkratok’s Report—Engine No.. 


I )a.tc_ 

Pyrometer Reading 

Adjustments Made 

Cylinder Xo. 

NE 

LE 

HE 

Inspected by _ 

1 

' 2 ’ 

3.. 


LF* ' 

... 


4 




1”... 

5.; 





() 

1 

i 

j 

1 

1 



* Exam[)le: LF—low firing with Cyl. #3. Low exhaust temperature. Cause- 
fuel rack too far out—13. 


QUESTIONS 

1. Whiit was the fundamental weakness of the early high-speed 
engine bf'ai’ings? 

2. What is a precision bearing—and d(K\s it have to be fitted by 
hand when installed? 

3. Why were cylinder liners originally used in engines? 

4. What factors contriluited to liner wear? 

5. What were some of the early metallurgical problems with liners? 

(3. What were some of the heat probkuns in piston rings? 

7. What is the source of heat problems in piston rings? 

8. What improvements had to be made in piston rings for high¬ 
speed Diesel engines? 

9. What two types of combustion chambers were developed early 
in the evolution of the high-speed Diesel engine? 

10. Name the functions of the mixing systems for high-speed 
engines. 
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11. Why was pressure lubrication necessary, and what special 
feature of this system requires attention? 

12. How is proper lubricating oil pressure determined? 

13. What were some of the problems of valve stem lubrication? 

14. What type of lubricating oil filter is preferred from the stand¬ 
point of servicing? 

15. What service does an air filter require? 

16. What is some of the foreign mattoi- that gets into the lubri¬ 
cating oil supply, and how is this foreign matter to be kept out? 

17. Name some of the filters used for fuel oil filtering. 

18. Describe the lubricating oil cooler. 

19. What is the proper lubricating oil temperature for high-speed 
engines? 

20. What mechanical means is used to clean fuel oil and lubricating 

oil? 

21. Why is it so essential to keep an a(*curate log sheet of daily 
operation? 

22. How is the average lubricating oil consumption rate to be 
established? 

23. What causes an increase in lubricating oil consumption? 

24. What kind of oil should be used in the governor, and what kind 
should not be used? 

26. Why is it not good practice to use plain undiluted lubricating 
oil on the exhaust valve? 

26. What checks should be made on the fresh-water cooling sys¬ 
tem? 

27. What care should be given to the filters and s(*reens? 

28. What is the importance of exhaust temperatures? 

29. What adjustments should be made to correct unl)alan(*ed 
exhaust temperatures? 

30. What load conditions may be indicated by exhaust color? 

31. How often should compression and firing pressures be taken 
with the indicator? 

32. What is the maximum difference in pressures l^tween cylinders 
that should be permitted? 

33. How does the pressure indicator help to determine when an 
overhaul of the engine is necessary? 
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34. What fuel injection difficulties will be diagnosed with the use 
of the pressure indicator? 

35. How is the pressure indicator used? 

36. Why is it important for the operator to have piping prints 
showing the layout of the piping system for the fuel, lubricating oil, 
fuel piping, air starting, and so on. 

37. What may be the cause when the average exhaust temperature 
is higher than normal? 

38. When a cylinder has lower or higher exhaust temperature, what 
checks should be made of the fuel injection nozzles? 

39. What check should be made of the timing of the fuel injection? 

40. Does the main valve timing sometimes affect the exhaust tem¬ 
perature? 

41. Is it also important to check initial pressure setting of the fuel 
injection nozzles? 

42. What may happen to the pyrometer thermocouples that will 
give a false reading of engine exhaust temperatures? What should be 
done? 

43. If the engine is operated with lubricating oil ternj>eratures too 
low, what will be the result? 

44. Why should the lubricating oil temperature never exceed the 
temperature of the cooling water, generally s|>eaking? 

45. What is the operator’s most reliable source of information on 
the opfuation of his engine—particularly, such matters as the temper¬ 
atures of the water, oil, exhaust, and so on? 

PROBLEMS 

1. You observe black smoke in the exhaust of a 8-cylinder, 2-stroke 
cycle engine. The exhaust pyrometer, compression pressure, and 
firing pressure readings are: 


Headings 

Cylinder Number 

1 

2 

3 

4 

5 

6 

7 

8 

Exhaust Temp. ® F. 

900 

925 

910 

895 

900 

905 

900 

900 

Comp. Pressure psi. 

490 

505 

500 

485 

495 

500 

500 

500 

Firing Pressure psi. 

790 

810 

805 

780 

800 

805 

800 

800 


What would be the pit)bable cause of the smoke? 
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2. The exhaust pyrometer, compression pressure, and firing pres¬ 
sure readings of an 8-cylinder, 4-stroke cycle engine are: 


Headings 



(Vlinder Number 



1 

2 

3 

4 

5 

6 

7 

8 

Exhaust Temp. ° F. 

750 

300 

730 

820 

870 

850 

830 

675 

Comp. Pressure psi. 

460 

450 

460 

350 

500 

450 

460 

450 

Firing Pressure psi. 

800 

450 

900 

625 

910 

810 

600 

;___i 

800 


You know from experience that 760° F exhaust temperature, 475 psi 
compression pressure and 780 psi firing pressure are normal for that 
engine. Check the probable defects or causes: 


Defecit or (^iiisen 


I 


2 I 


Too early injection. 

Too late injection. 

Fuel rack too far in. 

Fuel rack too far out. 

No ignition. 

Dirty nozzle. 

Ii<^aking nozzle. 

Leaking valves. 

King blow-by. 

Obstruction in air intake.. . . 
Fuel-cetane—viscosity, ('tc 
(See (Tiapter 12) 


(Vfindor Number 



a. If you suspect a nozzle to be defective, how would you check 
this to make sure? 

b. You hear combustion knock in one cylind(?r. Its exhaust tem¬ 
perature is below normal. What is the probable trouble and what 
would you do about it? 

c. You suspect that one cylinder is missing, but you have no 
exhaust pyrometer. How would you locate the faulty cylinder 
(Chapter 12)? 






















CHAPTER 4 


METALLURGICAL PROBLEMS 


Construction and Design of Engines 

Materials used in manufacture of engines. The metal¬ 
lurgical problem in the Diesel engine is selecting the most 
suitable material, properly conditioned, for each particular 
application. No one metal will function satisfactorily in all 
possil)le applications of an engine. Some metals, with slight 
modifications, serve a number of purposes, such as cast iron when 
used in the frame, the cylinders, heads, liners, and pistons. 
Others, such as the white metals in the main bearings, are largely 
single-purpose metals. 

Intensive effort on the part of the material manufacturers to 
improve their products has been going on for years, with the 
result that simple metals and alloys have been augmented by a 
number of complex alloys. This applies to the steels as well as 
to the aluminums, cast iron, and the bronzes. Many of these 
alloys have proved their worth, and are now recognized as 
essential, while others are still more or less on trial. 

At a meeting of the Oil and Gas Power Division, ASME, at 
Pennsylvania State College, R. J. Allen, research engineer, dis¬ 
cussed the metallurgical problems of the Diesel engine in some 
detail, and gave the benefits of long experience along this line 
by the engine manufacturers. Although, in his opinion, all 
the numerous alloys offered may serve useful purposes, it must 
be recognized that in many cases the difference is slight. Hence, 
generally speaking, the manufacturer of Diesel engines is better 
off by developing a single type to the maximum, rather than half 
trying out every new alloy brought out. The improvement in 
some particular characteristic of the metal due to a special 
alloy may be offset by some detrimental feature not shown until 
the parts are in service. Allen’s further observations are worth 
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considering here in connection with the problem of engine 
maintenance. 

Selection of materials. The physi(^al cliaracteristics of the 
more standard alloys are now well established. Charts are 
available showing the tensile properties and hardness numerals 
for many forms of treatment; and the corresponding structural 
conditions have been recorded by the microscope. For various 



Note Smootfi 
Contours 


Note Angularity 
of Contours 


(a) contours ® HYPOTHETICAL © DESIGN SHOWN IN 

^ AND JOINTS IN ^ ALTERNATE ^ “B' AS A SINGLE 

WELDMENT DESIGN PIECE OF METAL 


Fig. 4-1. Welded steel frame of a submarine Diesel engine. During 10,000 hr 
of operation at sea, the submarine was depth-charged several times. Because of 
vibrations, the engine frame suffered 126 separate fractures and cracks, which 
occurred during combat and were observed while the ship was at sea. Beported in 
Mechanical Engineering, February, 1945. 


alloys the endurance limits are known under normal conditions, 
at elevated temperatures, and' where corrosion influences are 
present. Impact figures are available for both the single-blow 
Izod and Charpy (Appendix I, ‘‘Metallurgical Glossary'0 and 
the repeated-blow Stanton types. In addition to this informa¬ 
tion, improved tests may be made, approximating more nearly 
the actual working conditions than those obtained in any of 
the standards tests available, and the actual data may be 
developed concerning the probable performance of the material 
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when put into service. Hence, there is no reason for stressing 
material beyond its safe working limit under any condition of 
service. 

To obtain the most from materials, they are suitably proc¬ 
essed in all stages of manufacture. For a steel casting, fbr 
example, the conditions of manufacture must be such that the 
material is free from blowholes, shrinks, and segregation. Then 
it is heat-treated to relieve strains and to develop suitable 
homogeneous structure. Slighting any operation may ruin an 
otherwise excellent product. Materials are therefore selected 
on the basis of quality and from reputable sources. 

When a type of material is selected for use because of certain 
desirable characteristics, such facts should form the basis of a 
specification. Such specification should be a concise statement 
of the characteristics and condition of the material which have 
been found most satisfactory. The function of a specification, 
like that of a blueprint drawing, is to present the shop or the 
supplier a clear picture of exactly what is wanted. However, 
neither is an assurance of quality, for quality can be determined 
only by adequate inspection. 

Whenever possible, standard specifications of the national 
engineering societies are used. A standard material regularly 
made is likely to be better than a special material infrequently 
made. Furthermore, there is usually a range of selection in 
standard materials not available in special varieties. However, 
if the standard specifications do not merit the use of it, or meet 
the particular needs, such alterations in the specifications as 
seem desirable are made. 

Inspection and testing of materials. Inspection of materials 
is more difficult than that of mechanical parts. Inspection of 
the parts is largely a matter of checking size, the correctness of 
which can be determined to any degree of accuracy desired. 
In checking materials, however, many factors are involved, 
some which are tangible, whereas others are rather intangible. 

The checking of materials is handicapped by the destructive 
nature of most tests. Tests such as the X ray, magnetic, and 
hardness are made on finished pieces intended for production, 
but others such as those for tensile strength, impact, and fatigue 
(those most commonly used) must be made on representative 
pieces. 

Hardness tests are simple to make and positive in result. 
They give considerable useful information as to the uniformity 
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of the product and are used frequently in the inspection of the 
finished product. The X ray, although an excellent tool for 
development purpose and for checking of special, highly stressed 
parts, cannot as yet be thought of as routine test equipment. 
The magnetic test may be used for checking symmetrical sec¬ 
tions, but it is not of great value as a general test. Iron filings 
are extremely helpful in detecting cracks in a hardened piece 
of steel if the latter is suitably magnetized. 

Acid etching or picking is used to facilitate the inspection of 
individual pieces for surface detects without affecting the 
utility of the product, and incidentally it can also be used to an 
excellent advantage in checking cross sections of the material 
for possible segregation. 

The testing of large forgings and castings is facilitated 
through the use of test prolongations forged or cast integral 
with each piece. These prolongations are made sufficiently 
large for actual physical test purposes, or they may simply 
provide a means of obtaining a fractured surface for visual 
examination. With little experience, one can tell rather 
accurately, from the appearance of a fracture, the physical 
condition of the material. 

General types of material used in Diesel engines. Several 
general types of material are used in the manufacture of engines. 

Cast iron. Cast iron has for years been the basic material 
in engine construction, largely because of its low cost and the 
ease with which it can be cast into intricate shapes. One does 
not have to look back very far to the time when it was simply a 
remelted pig iron, modified perhaps as to silicon content, to 
obtain reasonable casting conditions. Eventually the intro¬ 
duction of steel scrap, in small percentages, gave the cupola 
operator an opportunity to control the carbon content to some 
extent and to produce a better graphite formation with corre¬ 
sponding increase in strength. From this beginning, high- 
strength irons were soon developed in which the entire charge 
consisted of steel scrap. The te'rm ‘‘semisteeP’ now has little 
significance, since varying amounts of steel scrap are used in 
practically all cast iron made today. 

Strength of cast iron. The strength of any given piece of 
cast iron is a function of its section, and this fact must be taken 
into consideration when making comparisons. When cast in a 
standard test bar section, the high-strength irons will show 
tensile figures in excess of 50,000 psi. With the introduction 
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of nickel, the strength may be increased to over 60,000 psi and 
machinability may be reasonably maintained. All cast irons, 
unfortunately, are inherently brittle, and this fact must be 
taken into consideration when evaluating the usefulness of 
the high strength. . 

In plain cast iron the hardness is largely a function of the 
thickness of the section and the silicon content. If the casting 
is rather irregular in shape, the heavy sections may be soft 



Fig 4-2. Section of welded engine frame. Many high-speed engines now 
have frames of welded ste(4 plates located where the loads are put on the engine. 
This is a Winton eiigiru; frame. Many marine enginc^s are designed witli welded 
construction 


and the thin sections hard and unmachinable. When the 
silicon is increased to keep the light sections soft, the heavy 
sections are likely to be open-grained and spongy. Also, 
straight silicon irons oxidize readil}^ at elevated temperatures 
and the combined carbon tends to break down into graphite 
and ferrite. Such a reaction involves an increase in size, or 
growth, and a decrease in strength. It is advisable therefore 
that the silicon be kept as low as possible. 

The addition of nickel, while supplementing the silicon in 
reducing chill, refines the iron and produces greater structural 
uniformity. It also reduces the tendency for draws and slightly 



104 


METALLURGICAL PROBLEMS 


[Ch. 4 


increases the combined carbon, making the iron harder and more 
wear-resistant. However, such irons are readily machinable, 
and a fine surface finish may be produced. Through the use of 
nickel, the casting of many difficult sections is made readily 
possible that would otherwise be extremely difficult, if not 
impossible. 

Chromium and nickel, in suitable proportions, develop 
excellent characteristics in iron, particularly where resistance to 
wear and growth are important factors, such as heads, pistons, 
and cyhnders. 

Molybdenum has a beneficial effect on cast iron. Its effect 
is intermediate between nickel and chromium in that it tends to 
develop stability, without undue chilUng tendencies, and a 
compact graphite formation which is very beneficial in resisting 
fatigue. It may be used alone or in combination with nickel. 

Strains may be set up in irregular-shaped castings as a result 
of differences in rates of cooling throughout the mass. If the 
castings are left in the sand, until fairly cold, the natural 
annealing effect of the slow coohng should effectively relieve the 
stress and strains. If not relieved prior to machining, the piece 
may be distorted in service. A safe procedure in cases where 
distortion may affect the operation of the unit is to anneal 
definitely the casting in a suitable annealing furnace, a practice 
followed by most manufacturers. 

With facilities for anneahng available, the additional step 
to heat-treating is comparatively simple. The desire for greater 
hardness in parts subject to wear, such as cylinder liners, has 
resulted in a development of irons susceptible to heat treatment. 
Such irons ordinarily contain from 2 to 5 per cent nickel, plus 
the proportional amounts of chromium and, like steel, may be 
heat-treated to Brinell figures of 400 or better. Although 
comparatively strong and tough, the materials are still cast 
iron and as such are inherently brittle. The treatment is best 
confined to pieces of regular sections because of the possibility 
of cracks developing through the strains set up during quenching. 
The machining procedure follows that of treated alloy steels. 
The softer pieces may be machined after treatment; whereas 
the harder ones must be first roughed out, treated, and then 
finished off by grinding. Iron, heat-treated for hardness, 
softens under heat, and hence will lose its hardness if operated 
at a temperature in exce.ss of that used in tempering to develop 
a given hardness. However, the range is not seriously restricted 
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as temperatures around 900° F are usually employed during 
heat treatment. 

The necessity for greater resistance to corrosion and high 
temperatures and greater stability has led to the development of 
a still more highly alloyed iron known as Ni-Resist. This iron 
contains about 15 per cent nickel and 7 per cent copper, with 
chromium varying from 1 to ,6 per cent. The matrix is ausenitic 
in type, somewhat similar to that of the 18 and 8 steel of the 
stainless type. It is nonmagnetic, tough, nonhardenable by 
heat treatment; and if the chromium content is not too high, 
it is reasonably machinable. Its coefficient of expansion is 
relatively high, approximately that of aluminum. Although 
comparatively soft, it will work harder than other metal in 
service and develop appreciable resistance to wear. It can be 
produced in the foundry under standard conditions, although 
irregular sections may be difficult to cast because of shrinkage. 

Sleel castings. Steel castings, because of their combination 
of high strength and ductility, when suitably treated, and 
because of the fact that they can be produced in shapes not 
permissible in forgings, serve many useful purposes. Like any 
other material, they have their peculiar faults, which must be 
guarded against if trouble is to be avoided. Blowholes, shrinks, 
and segregation are the principal weaknesses, and unfortunately 
they are sometimes difficult to detect. 

Cast steel lacks a constituent like graphite to counteract 
the effect of metal shrinkage, and unless uniform sections are 
provided or provisions made to feed the heavier sections while 
cooling, shrinkage cracks may result. As a result, complicated 
castings with irregular sections are much more difficult to obtain 
in steel than in iron. The beneficial effect of heat treatment on a 
carbon steel casting is illustrated by the following table: 


TABLE 4-1 

Effect (3f Heat Treatment on CUrbon Steel Casting 


Conditions 

Tensile 
lb in.* 

Yield 
lb in.* 

Elonga¬ 

tion 

% 

Reduc¬ 

tion 

% 

Brinell 

Impact 

As cast. 

74,800 

75,650 

84,200 

37,500 

42,000 

19.5 

20 0 

156 

17 

Normalized. 

25.5 


143 

21 

Treated. 

57,400 

31.5 


160 

44 
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Alloy-steel castings are now being produced in almost as 
many varieties as obtainable in bar stock, and if suitably heat- 
treated serve a useful purpose. The greater tensile strength 
permits lighter weight, and the lighter sections tend to promote 
soundness. Stainless steel castings of many grades are also 
being produced, although their use in Diesel engines, because of 
cost, is rather limited at the present time. These steels are 
difficult to cast, and because of their high solidification shrink¬ 
age, usually require special pattern equipment and simpler 
designs. 

Structural steel. Aside from straight carbon steels, the 
number of alloy steels available for structural purposes is legion. 
Many have been standardized by the SAE and are designated 
by their numbers, while others, the special products of some steel 
company, are sold under brand names. Although many of 
these steels have distinctive characteristics and serve useful 
purposes, nevertheless the number could be materially reduced 
with profit to the industry. As a matter of fact most of the 
trouble encountered, where steel is supposed to be at fault, is 
due to improper heat treatment rather than any inherent fault 
in the type. The fact that better results can usually be obtained 
in the long run through the suitable conditioning of a standard 
type of material, rather tlian through the hit-and-miss tries of 
special types, cannot be too strongly emphasized. All steels, 
particularly the alloy types, must be suitably heat-treated to 
develop their maximum physical characteristics. 

Special steels. Numerous types of special alloy steels are 
also available. Such steels are of value for their ability to 
perform some special purpose well, such as air hardening without 
distortion, resisting wear, or standing up under corrosion. 
Chromium is the principal element in most of these steels, 
although nickel, molbydenum, vanadium, copper, silicon, and 
aluminum may play important parts. 

Stainless steel or iron, a low-carbon 12 per cent chromium 
material, has many useful purposes. If properly treated, it 
has excellent physical characteristics and reasonably good 
resistance to corrosion. With properties comparable to those 
of SAE 3140 steel, it may be safely used where strength is 
required. For greater stability, under severe conditions, one is 
forced into the austentic steels carrying appreciable percentages 
of chromium and nickel with an additional element such as 
silicon. Manv modifications are available. 
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Fig. 4-3. This heat-treated cylinder and frame (Hendy Series 50) Diesel 
cylinder block is fabricated and constructed of welded heavy steel plate, and 
stresses relieved with heavy cross members to support the main bearings. The 
cylinder block is boltexi onto the base and carries the cylinders and all other parts of 
the engine. 
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Nitralloy, a special type of steel that may be processed to 
develop remarkable surface hardness, stands up well under 
severe conditions of wear. Two grades, the chromium-alu¬ 
minum, having exceedingly high hardness, and the chrome- 
vanadium, with less hardness, but greater toughness, are in 
general use. The material retains its hardness through the 
temperature range encountered in Diesel engines, with the 
possible exception of the exhaust valve. It is very resistant to 
both atmospheric and alkaline corrosion, but not to ocids. 
However, from records available it would appear that neither 
type is seriously attacked by the usual fuels. 

Forgings. Forgings assure a sound section in the finished 
piece, free from blowholes and draws. Further, the quality of 
the stock used may be carefully checked before the forgings are 
made. However, drop forgings have their peculiar faults in 
the form of laps and cold shut. Fortunately these, unlike blow¬ 
holes and shrinks in castings, can usually be detected readily by 
visual inspection. Drop forgings have an advantage over cast¬ 
ings in that they may be made in light sections and still retain 
a clean-cut appearance. 

Unless care is exercised in forging, the structural condition 
of the material, despite the beneficial effect of the added working, 
may be utterly ruined. If steel, for instance, is soaked at a 
high temperature in an oxidizing atmosphere, the gases penetrate 
the section and oxidize the grain boundaries. As a result the 
material becomes extremely brittle; and the condition is not 
corrected by any normal heat treatment. Some indication of 
this condition, if present, can be detected by examining the 
pickled surface, but the only safe method is by an actual fracture 
test. 

As the material is elongated under the hammer, it tends to 
accentuate the directional grain flow normally found in bar 
stock. The ductility, when tested with or across the direction 
of flow, is usually much lower than when tested with the grain. 
In some pieces, such as a crankshaft, the directional grain is an 
asset, providing the fibers are continuous throughout the length, 
while in other parts, such as gears, where the direction of the 
stress application is continually changing, the directional grain 
is not. The directional tendency may be broken up by suitable 
cross forging, and the desirability of so doing must be considered 
when designing stressed members. 

Forgings, like castings, must be properly heat-treated to 



Ch.4I 


METALLURGICAL PROBLEMS 


109 


secure uniformity of structure, relieve strains, and to obtain 
the maximum conditions of strength and ductility. Light 
sections should be fully heat-treated while heavy sections may 
be normalized and annealed. 

Aluminum alloys. Aluminum in its pure condition, like 
iron, is a soft, tough metal, but when suitably alloyed with 
copper, magnesium, or other elements develops many desirable 
physical characteristics. All of the alloys may be ca.st into use- 



Fig. 4-4. This crankshaft and engine bed (Hendy Series 50) has a welded 
steel base designed for rigidity and heavy cross members to support the main 
bearings and keep the shaft in perfect alignment. 

ful form, while some, in addition, may be forged, rolled, or 
extruded. Many of the alloys are naturally soft and tough, 
others are comparatively strong but brittle, whereas some, when 
heat-treated, develop a good combination of strength and 
ductiUty. In the wrought form, treated, tensile strength of 
over 50,000 psi with elongations of around 20 per cent may be 
obtained. The modulus of elasticity, however, is only one third 
that of steel. 

The aluminum alloys are unique in that their physical 
characteristics tend to run to extremes, and unfortunately, 
some of them conflict in their usefulness. Light weight, the 
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outstanding characteristic, is offset to a certain extent by low 
modulus. The high heat conductivity in many cases is an 
advantage, whereas in others, it is not. The high coefficient of 
expansion, common to most of the alloys, does not work out well 
with cast iron. The bearing characteristics of aluminum are not 
good, and the resistance to alkaline corrosion is low. 

Although aluminum alloys are regularly used for many 
purposes, particularly where weight is a consideration, the 
selection of the most suitable type must be given careful con¬ 
sideration in the Diesel engine. 

Bronzes. The various types of bronze alloys available 
under various standard specifications are exceedingly numerous. 
In general, all the bronzes are resistant to atmospheric corrosion, 
and with suitable modification can be made to resist attack of 
any of the conditions encountered in the Diesel engine work. 

The majority of the bronzes are used in the cast form, 
although many may be die-cast and forged. The ease with 
which they can be fabricated and their resistance to corrosion 
tend to make them attractive to the engineer as structural 
members, but these advantages are in most cases offset by the 
low modulus of elasticity, weight, and comparatively higli 
cost. In bearing service, however, their use is well established. 

The bronzes, as a class, oxidize readily when molten, and 
unless care is used in the foundry to prevent such a condition 
developing, their physical characteristics may be seriously 
impaired. Such a condition will show up in a tensile test, 
largely through low ductility, although the condition can be 
readily detected by means of a simple fracture test. Oxida¬ 
tion in a tin-bearing bronze is particularly bad, as any of the 
extremely hard tin oxide formed and scuffed out in running may 
seriously score the shaft. The temperature of casting also has 
an important effect on the strength and ductility of many of 
the bronzes. 

Monel metal, because of its combination of strength when 
suitably processed, its higher -modulus of elasticity, its wear 
resistance, and its ability to withstand most forms of corrosion, 
is an excellent intermediary material between the bronzes and 
steel. It is readily available in wrought form, but sound cast¬ 
ings, if irregular in shape, are not so easily obtained. 

Bearing metals. An ideal bearing metal consists of two 
constituents. There should be a tough ba.se metal that acts 
as a body or matrix to carry a hard, finely dispersed element or 
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alloy, which, in turn, in the aggregate acts as a bearing surface. 
The hard constituent resists wear; the soft constituent provides 
the degree of conformity necessary to resist any local high spots, 
and through its natural tendency to recess assists in maintaining 
the oil film. Cast structures, because of the natural arrange¬ 
ment of the grains, are usually better than those that have been 
mechanically worked. Bearing materials should have a low 
coefficient of friction, ■ although under running conditions the 
actual friction is dependent on the pressure, speed, temperature, 
and lubrication. 

The white metals, which are essentially alloys of tin, lead, 
copper, and antimony, are the commonly recognized bearing 
metals. The tin-base or babbitt metals have a better com¬ 
bination of strength and plasticity than the lead-base alloys, 
and hence are more generally used in Diesel work, even though 
more expensive. However, considerable work is being done with 
the lead-base alloys, and some worth-while results have been 
obtained. 

The white metals are sensitive to variations in compositions, 
and small changes in the hardening elements or some impurity 
may either render them brittle or lower their melting points 
appreciably. The metals oxidize readily when molten, and 
hence extreme care must be exercised in both the melting and 
pouring operations. 

The high-lead bronze, known as the high bronze, with or 
without small percentages of tin, is closely associated in 
application with the white metals. Such alloys do not conform 
to the true concept of a bearing metal, but actually the 
reverse, in that the copper matrix is harder than the dispersed 
load. However, they seem to function well within their work¬ 
ing range, which is the fusion point of the lead. A rather high 
coefficient of expansion and possible lead segregation are the 
two features most likely to give trouble in the use of this 
material. 

The harder cast bronzes, carrying an appreciable amount of 
tin, lead, and possibly some phosphorus, are good bearing metals 
when operating against hardened steel. Such bronzes have 
good strength and resistance to wear, but good alignment and 
adequate lubrication are essential to their satisfactory perform¬ 
ance. If the oil film falls, the resulting seizure is likely to be 
disastrous to the shaft. Numerous types of bearing bronzes are 
available, and the selection is largely a matter of past experience. 
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The structural condition of the material used should be checked 
by fracture test. 

The berylium-copper alloys, capable of being treated to a 
Brinell hardness of around 400, are being advocated as bearing 
metals. Their use, however, has not spread sufficiently to 
warrant satisfactory conclusions being drawn as to their prob¬ 
able performance. 

Chromium plating. “Hard” chromium plating is being 
used rather extensively because of its excellent wear-resisting 
characteristics. This type must not be confused with the 
“decorative” plating, wherein an extremely thin film of chrom¬ 
ium is applied, more or less as a lacquer, to preserve the copper- 
nickel plating underneath. 

This hard plate is applied directly to the base material in 
tliickness varying from one half to three thousandths of an 
inch, depending on the conditions of the service. Either steel 
or bronze, as a base material, plate very satisfactorily. Cast 
iron, because of the graphite, is not such a suitable base. 

When properly finished by grinding and polishing, the plated 
chromium presents a hard, low-friction, wear-resisting surface 
suitable for bearing purposes. The plate, although sufficiently 
tough and adherent for normal bearing conditions, is not suit¬ 
able for use under shock or extreme pressure such as might be 
applied through high spots in a hard-packing material. Chrom¬ 
ium works best as a bearing material when mated with a soft 
packing such as a leaded bronze. Cast iron, particularly, if 
it contains free cementite, is likely to score the plate through an 
indentation of the softer base material. 

The hardness of plated chromium is dependent on the 
presence of the hydrogen deposited during plating, and if heated 
sufficiently high, in the range of 1400° F, the plate becomes soft. 

Unless the conditions of plating are carefully controlled, 
strains are set up in the deposited metal sufficient at times to 
cause it to crack. Such cracks may, in extreme conditions, 
extend through the entire depth of the plate, in which case the 
tendency to spall is increased and the resistance to corrosion 
decreased. However, because of a better knowledge of the 
variables responsible for this tendency, the plate being produced 
now is comparatively free from these defects and should perform 
well in service. 

Chromium works well on shafts, pins, and similar parts 
where good l>earings and adequate lubrication are provided. 



Ch. 4] 


METALLURGICAL PROBLEMS 


113 


It also functions well as a protection against galling on liners 
or plugs that are assembled with a close fit and that may later 
have to be removed. Worn surfaces may in some instances be 
built up with chromium and satisfactorily salvaged. Further, 



Fig, 4-5. Welded steel block of Hendy Series 50 engine. 

chromium-plated surfaces, when worn, may be renewed at 
small expense. 

Most of the problems encountered in operation are funda¬ 
mentally ones of design, but for economical reasons thej" often 
become metallurgical. There are no complaints on this score, 
but it is believed that a more careful study of the details, with a 
view of eliminating localized overstress and provi ding better 
lubrication, will eliminate most of the troubles now encountered. 
As a matter of fact, where such considerations are given, the 
performance of the Diesel engine is most reliable, and many 
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engines are building records that rival those of the older recipro¬ 
cating steam engines of early days in length of engine life. 

Welding. Welding has been extensively used in the con¬ 
struction and repair of Diesel engine parts. Tlie technique of 
welding has reached the point where it has ceased to be a 
metallurgical problem so far as steel construction is concerned. 
With suitably coated rods of the same composition as the base 
material, a skilled operator can lay welds having substantially 
the same physical characteristics as the original plates. A low- 
temperature, strain-relieving treatment, however, should follow 
the welding of all complicated sections that are likely to be 
subjected to vibratory stresses. For the higher-carbon and alloy 
steels, the temperature should be carried above the critical 
transformation point of the material, so that, in addition to 
relieving the strains, there may be a refinement of the coarse 
grain developed during the welding operation. 

Cast iron can be welded under favorable conditions, but on 
the whole the results are not overly satisfactory. The structure 
of the iron matrix is badly upset, and incipient cracks may 
develop in and about the weld unless the operation is most 
carefully controlled. 

Design, in built-up structures, is all important and far 
outshadows the metallurgical considerations. The liberal fillets 
in castings, to avoid shrinkage draws that tend to develop at 
sharp corners or sudden changes in section, and reasonable 
thickness of metals, to prevent misruns, automatically serve to 
stiffen the structure and smooth out any tendency for concen¬ 
tration of stress. As a result, castings are usually very rigid 
because of foundry considerations, and tlierefore many of the 
engineering problems disappear. In built-up structures, how¬ 
ever, the reverse is true. Tlie material is strong and tough, and 
as far as the static stresses are concerned, it can be used in light 
sections, and the fillets are naturally small. Unless proper pre¬ 
cautions are taken, therefore, to stiffen such a structure by 
suitable bracing, flexing is likely io occur in service and with it 
a concentration of stress in the welds. Such a condition usually 
results in ultimate failure not because of faulty weld, but because 
of improper design. Where weight is an important consider¬ 
ation, welding undoubtedly provides a means of keeping it 
down. 

While welding of structural members represents sound 
practice, the building up of worn or undersized working parts 



Ch. 4) 


METALLURGICAL PROBLEMS 


115 


is open to question. Many failures have been traced to this 
cause. Active parts are usually made of medium-carbon or 
alloy steels, which do not weld as satisfactorily as the low- 
carbon structural steels. The higher strength materials are 
more likely to be spongy when welded, and a suitable structural 
condition after welding can be developed only by heat treatment. 
Such a heat treatment, accompanied by surface scaling and 
distortion, is of course ruinous to a finished piece. 

Where the stresses are inherently low and welding is not 
being performed at a change in section, the procedure may not 
be harmful if done under competent supervision, but otherwise 
it should be looked upon with disfavor. 

Failures in Diesel Engine Parts 

Failures due to material and design. Failures may be due 

either to faulty design or faulty material, and sometimes to 
both. A material may be considered at fault if some irregular¬ 
ity, not common to a properly conditioned piece, has contributed 
to failure. Tlie irregularity may be a cold shut, segregation, 
poor structure, deep tool mark, or-a similar defect. The design 
or selection of material may be considered at fault when a sound 
homogeneous piece, properly conditioned, fails for no apparent 
reason. As a rule, occasional failures denote faulty material, 
whereas repeated failures such as repeated cracking of cylinder 
heads or breaking of crankshafts in service tend to throw sus¬ 
picion on the design. 

Although it is not practical to establish positively the 
soundness of each piece of material, nevertheless, with close 
supervision over the methods of manufacture and adequate 
inspection in the shop, the chances of faulty material getting 
into service are not great. 

Changes in material can be made without any outward 
evidence of its having been done. Changes in design, however, 
usually involve not only the piece actually defective, but other 
mating parts as well, to say nothing of tools, fixtures; the inter¬ 
changeability of parts must be maintained. Consequently, 
where a trouble may be corrected through the substitution of 
another type of material, it is logical that such a change should 
be made. The result, however, is that many problems that are 
fundamentally problems of design automatically become prob¬ 
lems of metallurgy. Although a piece of alloy steel may be sub- 
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stituted for carbon steel or a piece of Nitroalloy for hardened 
tool steel, the extent to wJiich changes of material may be made 
is comparatively limited, and considerable thought must be 
given to the original design and selection if trouble is to be 
avoided. Operating problems in which the material is involved 



bi(}, 4-t). A t(\st casting. After heat treatment, the circular side bands were 
severed at the top next to the central body. Any rcisidual casting stress would 
cause these side bands to expand or spn‘ad apart from tlie central body. This 
spread is (;onsidered a measure of the residual stress and is plotted in Fig. 4-7 as 
expansion. 

may be grouped under tliree general subjects: breakage, exces¬ 
sive wear, and corrosion and oxidation. 

Breakage. Generally speaking, breakage, assuming that 
the material is correct, is of course the result of overstress. It 
has been found that pieces made of excellent material and operat¬ 
ing under low-calculated values of stress occasionally fail. The 
cause, althougli not always apparent, can usually be traced to 
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the concentration of stress. In irregularly shaped pieces the 
average stress is of little practical importance, as failures are the 
result of maximum stresses. Each type and condition of 
material has a certain maximum stress value, which is called 
the endurance or fatigue limit, under which the piece will with¬ 
stand a definite number of applications of stress without failure. 
If this stress is exceeded, however, even though over a minute 
area, a crack will ultimately form and failure occur. 

Stress concentrations may be due to sudden changes in sec¬ 
tion, deep tool marks, inclusions, or anything. that tends to 
break the smooth continuity of the section; or they may be 
the result of misalignment j and excessive vibration. 

While the intensity of the stress concentrations resulting from 
changes in section may be difficult to calculate, their probable 
location and approximate magnitude can often be determined 
through the use of bakelite models and a polariscope. Under 
the action of polarized light, the stress distortion in section and 
distribution in a section of bakelite may be observed by color 
variations in the material. Such a method of investigation is 
very instructive and simple. 

It is evident that stress concentrations are the most prolific 
source of breakage, and effort should be made to keep them to a 
minimum. 

Fillets at shoulders in stress sections are recognized as 
essential, but slow tapers, if practical, are better in design 
practice. Similarly, splines, distributed around the surface of 
the shaft, are better than a single key. Whitworth threads are 
better than V threads because, in the event of bending, the 
stress concentrations at the roots are much lower with the 
smooth radius than with the sharp notch. For the same reason, 
studs with the body turned down to the root diameter of the 
thread are much better than those with full-sized bodies; the 
reduced diameter of the body, aside from reducing the stress at 
the roots of the thread, provides greater flexibility along the 
entire length and less tendency for concentration at any point. 

There is a tendency in design to lay too much emphasis on 
the elastic limit and tensile strength and not enough on the so- 
called toughness of the metal. The fatigue or endurance limit, 
obtained with a smooth symmetrical specimen running without 
impacty seems to be a function of the ultimate strength. In 
actual service, however, such conditions really rarely exist, 
and aside from the irregularities of operation, parts are seldom 
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regular in section. Stress concentrations, not considered in the 
fatigue limit, are therefore an important consideration in actual 
practice. If the material is brittle, a crack once started will 
progress very rapidly, whereas if the material is tough, the 
condition of overstress may be relieved through a local readjust¬ 
ment of the grains in the area of the stress. Even though the 
formation of a crack cannot be avoided, the tougher material 
may seriously retard its progress and delay the eventual failure 
of the part. 

Unfortunately, the toughness that tends to retard the 
formation and subsequent development of a fatigue crack is not 
indicated by any available mechanical test. Pieces having the 
same tensile and impact values may show decided differences 
and performances in service. The microscope is the most 
useful method of checking certain characteristics. In steels, for 
example, a (coarse-grained, pearlitic structure, under many 
conditions, is not so resistant to fatigue as a normalized structure 
consisting of a fine-grained intimate mixture of ferrite and 
pearlite. The soft, tough ferrite seems to provide the mobility 
that is so important in resisting the spread of cracks. High- 
tensile alloy steels, not sufficiently treated, may fail more quickly 
than a comparatively soft, low-strength material. Good balance 
must be maintained between strength and toughness and when 
some of the more highly stressed parts are specified the micro¬ 
structure is usually specified. 

Excessive wear of engine parts. The important class of 
failure, known as excessive wear, may be due to faulty material, 
although high pressures, due to abnormal (‘onditions of opera¬ 
tion, and inade(|uate lul)rication are more likely to be tlie real 
causes. 

Wear is the result of rubbing, metal-to-metal contact of 
two surfaces. If the structure and surfaces are continually 
separated by a thin film of oil, wear is largely eliminated and is 
reduced to a mere matter of erosion and possible chemical 
changes. When the film is periodically broken, however wear 
is usually very rapid. 

The normal working pressures are readily calculated and may 
be amply provided for in the original design of the engine. 
Abnormal stresses due to periodic vibrations or the whipping of 
shafts are not so easily determined, and the resulting pressures 
may be sufficiently high to break tlie oil film. Misalignment, 
surface finish, and dirt are potential sources of wear, although 
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these may be really due to neglect and can be controlled, and 
hence they should not be serious factors in the actual operation 
of engines. 

Numerous types of metals suitable for operating in contact 
with one another are available, and if worked within their 
corresponding limitations, a satisfactory performance is assured. 
The selection of the most suitable combination of metals should 



Degrees Fahr. 

Courtesy Internalionnl Xirkel Company, 

Fig. 4-7. Effect of annealing one to three hours on growl li and expansion of 
stress-test bars. The less the expansion the greater the relief of internal stress 
(Walls and Hartwell). Tests eondueted on cylinder iron containing about 3.30 per 
cent total carbon and 2.30 jmt cent sili<*on. While a t(‘ni])erature of 1100“ F will 
relieve practically all stre.ss, appreciable structural alterations octair. The b(5st 
temperature to relieve inaxiinuin stress for this silicon content with niininuiin 
alteration of structure is about 000° F. TTx? eff<M*t of heating above 900° F is 
further evidenced by the softening shown in Table 4-1. 

be given careful consideration, since in addition to obtaining 
long life as a whole, tlie conditions should be such tliat tlie least 
expensive of the two pieces in contact will wear most. A hard- 
bronze bushing may readily score and gall a soft-steel shaft, 
while a soft bushing will not. A soft material in the presence of 
dirt, however, may load up and, as a result, lap away a hard 
material very rapidly. 

In order to maintain a good oil film, if proper alignment, 
finish, and rigidity an^ assumed, it is necessary t fiat the elements 
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of temperature, pressure, feed, clearance, and oil viscosity be 
held within limits. The viscosity of an oil decreases with an 
increase in temperature, and if thinned down too much, the 
resulting film may hot be sufficient to carry the load. The 
pressure, taking into consideration the surface velocity, should 
be kept within the limits which experience has proved most 
satisfactory for the metal combination employed. The clear¬ 
ances must be adjusted to suit the viscosity of the oil being 
used. If tlic clearances are too small, the film will not be 
established; and if too large, the oil may work out and not 
maintain a continuous film. The arrangement of the feed must 
be such that the distribution, developed in the unloaded area, 
is uniformly directed to the zone of pressure. 

Perfect lubrication is never attained in actual operation; 
hence, metal to metal contact does occur, even though only at 
the time of starting, and consequently, wear is inevitable. 
Througli careful utilization of available materials under proper 
conditions of operation, good lubrication may be maintained 
at a very low rate and (comparatively long life of the parts 
realized. 

Corrosion and oxidation of parts. Corrosion and oxidation 
are more likely to be metallurgical problems than wear or break¬ 
age, for in spite of all the designer can do, the materials must 
work in contact with the corroding and oxidizing medium. 

The exhaust valve is probably the hot spot in all internal 
coml)ustion engines and usually reaches in operation a rattier 
high temperature. The other parts, however, which can be 
more readily cooled, do not become excessively hot. 

The Diesel engine, however, unlike the gas and gasoline 
engine, draws in air undiluted with fuel and compresses it to a 
temperature at which the oxygen becomes active before the fuel 
is admitted. The oxygen, therefore, in the absence of fuel, is 
free to attack the iron or other materials forming the surface of 
the combustioh chamber. Fuel oils for Diesel engines are 
usually not so highly refined as gasoline, for example, and usu¬ 
ally contain appreciable amounts of sulfur which become rather 
active chemically. 

Even though the injected fuel is carefully atomized, there is 
in many cases a tendency toward flame impingement. In the case 
of iron pistons, if the heat is localized, particularly at the center, 
growth takes place due to a (combination of temperature varia¬ 
tions, and a crack may develop. The upper portions of the 
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liners, also, wear more rapidly than the lower portions, largely 
because of this same condition. 

Design application to engine parts. Having shown the 
relation of design and metallurgical considerations to Diesel 
engine parts, and the influences that cause breakage, excessive 
wear, and corrosion, it is in order to consider the material 
application to the various engine elements that go to make up 
the assembled structure. 

Engine frame works. Important considerations in the design 
of a frame are strength, rigidity, and weight. Frames may be 
made of cast iron, aluminum, or welded steel. The ease 
with which cast iron can be fabricated and its comparatively 
low cost account for the majority of the engine frames being 
made in that material. Welded-steel frames, however, are 
being given consideration because of their possible lighter 
weight. 

If made of cast iron, the composition may vary all the way 
from a straight silicon to a high-test alloy, depending on the 
particular requirements of the service. Care must be exercised 
to keep the sections reasonably uniform to prevent casting 
shrinks and strains and to avoid ultimate breakage. 

Welded frames are usually made of soft steel and finally 
annealed. If made of high-carbon or alloy steel, tlie entire 
frame is heat-treated to eliminate the brittle area which develops 
near the welds and to develop fully the advantage of the higher- 
strength materials. Rigidity must be obtained if weld failures 
are to avoided. The frames of small units, where the minimum 
weight is desired, may be made of aluminum. 

Cylinders, In the smaller units, the cylinders may be 
integral with the frames while in the large units they are made 
separate. When the cylinder is to provide its own liner, con¬ 
siderable attention is paid to the type of material used to obtain 
the minimum wall wear, otherwise the casting may be made of 
any type of material that will develop the required strength. 
Care is usually taken to see that a smooth water-jacket surface, 
having as little attraction for scale as possible, is provided. 
These castings are usually given a low-temperature anneal to 
relieve the strains and to prevent subsequent distortion, or they 
may be seasoned by aging. 

Liners, Cylinder wear is an important consideration in the 
operation of a Diesel engine. The rate of wear is dependent on 
one or more of several factors such as lubrication, ring pressure 
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from the gas reaction, dirt, oxidation, and t3T}e of material 
used in the liner. 

Lubrication and ring performance are matters of design, 
while dirt, if a factor, may be controlled to a large extent by 
tlie use of a suitable air filter. Oxidation, while influenced to a 



Courteau Jnti'rnational Aickfi iUrmpanu. 


Fig. 4-8. of (jutMich Jiiid draw back on Brincll hardness of nifkc‘I- 

chromiuin cast-iron piston rings (Hurst). 


Xo. 

1 

2 

3 

Total Carbon. 
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Silicon. 
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Nickel. 

. 1.32 

2.56 

3.37 

Chroiniuni... 
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0.95 

0,61 

Quenching inediuni. 

. Oil 

Oil 
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Thi.s graph ilhistraies r<;sults for an air-qucnchcd composition, which is an 
alternate for castings too delicate for oil quenching, such as piston rings individually 
cast. 


considerable extent by the fuel used, is more dependent on 
temperature attained, and hence varies with the conditions of 
cooling. Thin liners, for this reason, are better than thick ones. 

Liners may be either of the dry or the wet type. The dry 
type is mostly confined to the small sizes because of the thicker 








Ch. 4] 


METALLURGICAL PROBLEMS 


123 


section of the two walls and the difficulty of providing the close 
fit essential to good heat conductivity. The metal conditions 
are much more difficult to control in the dry type than the wet 
type because of the larger eastings involved. 

To resist wear the liner material usually has a reasonably 
hard, dense structure, with good bearing characteristics and 
stability under the (‘.onditions of operation. To meet these 
requirements the majority of liners are made of cast iron, 
although some are being made of steel and liardened Nitralloy. 
In cast iron, this necessitates low silicon to resist growth, low 
total carbon to develop denseness and eutectoid ratio in com¬ 
bined carbon, and low grain size to develop resistance to wear. 
Nickel and, if the size will permit, chromium are helpful in 
obtaining the desired condition. * 

Because of their symmetrical section, liners may be cast 
centrifugally and a denseness and uniformity of structure 
obtained not easily reproduced in a sand casting. If cast in the 
ordinary manner, the mold is usually placed vertically, and the 
(tasting is machined so that the bottom or drag end, as cast, will 
l)e uppermost in the cylinder. In this method, the denser 
metal will be placed at the point of maximum wear and excellent 
results are obtained. 

Under usual conditions, the Brinell hardness of a straight 
silicon iron cannot much exceed 180 and that of a regular 
chrome-nickel, 220, without free carbide being present. Such 
carbides are objectionable because of their abrjisive characteris¬ 
tics when scuffed free of the iron. If a higher hardness is desired, 
it is ol)tained through the use of a heat-treated iron. Nickel, 
plus some chromium, in a cast iron, when suitably treated, will 
permit tlie development of an excellent structure with a Brinell 
hardness figure of 400 or more. 

A 60-point carbon steel, normalized or heat-treated for 
greater hardness, has, when adequately lubricated, proved 
satisfactory as a liner. This section can be used and excellent- 
cooling thereby obtained. Ni-Resist cast iron offers excellent 
possibilities as a liner material in combination with aluminum, 
as the coefficient of expansion is about the same in both mate¬ 
rials. It is rather resistant to attack from either heat or 
normal gases, and its soft, austenitic matrix tends to take on a 
work-hardened glaze that makes it resistant to wear. 

Nitralloy steel, nitrided, is being used on many of the 
smaller engines with reported good results, and aside from the 
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possible attack where high sulfur fuels are used, there is no good 
reason why its use should not come to be established. 

Cylinder heads. Cylinder heads are usually made of cast 
iron, while steel may be used on the larger units and aluminum 
on the smaller units. The head must be sufficiently strong to 
resist the combiistion pressures and have the necessary stability 
to resist the atta(!k of the air and gases in operation. 

Head .sections of the single-acting engines are usually rather 
complicated because of the manifold passages and water¬ 
cooling chambers. As a result, the heat stresses may be rather 



Fid. -1-9. Oaiiksliaft (Hendy Series 20) cast from an alloy steel with hollow 
pins and journals. Lubrication to the main journals and crankpins is throuRh 
insert( mI tubes. All bearings are removable through side inspection doors. 


high, and this fact must be taken into consideration in drawing 
up the design and selecting the materiah When made in cast 
iron, the heat may provide its own valve seat, and if made in 
aluminum, some other material is inserted. Aluminum bronze 
and Ni-Resist are frequently used for a valve seat. 

The water jacket is usually smooth and clean in order to 
resist the adherence of scale. Attention is paid to the cooling 
water used with aluminum, otherwise porosity, the result of 
corrosion, usually develops. 

Pidons, The conditions imposed upon the piston, like those 
of the liner, are very severe. A-piston should have light weight, 
strength, good bearing characteristics, an expansion rate com¬ 
parable to the liner, good lieat conductivity, and resistance to 
the attack of the hot air and gases. No single material will 
meet all these requirements; hence the one selected must be a 
compromise. Cast iron is largely used, however, because its 
coefficient of expansion may be the same as that of the liner ; 
its bearing characteristics are good; and it is comparatively 
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inexpensive. The pistons, like the liners, should be made of a 
dense, fine-grained material. The majority are sand cast, 
although some of the smaller sizes may be made in semiper¬ 
manent molds. 

The straight silicon irons oxidize readily in contact with the 
hot oxidizing gases, and if there is a tendency for a local hot spot 
in the center of the piston, it may fail rapidly through growth 
and fatigue. The use of nickel or nickel-chromium iron retards 
this type of failure. In the event of seizure with a cast-iron 
piston, the resulting damage to the liner may be rather dis¬ 
astrous; and only care in operation will prevent accidents of 
this sort. 

Aluminum, because of its light weight, is being used exten¬ 
sively for pistons in the smaller high-speed engines. It may 
replace cast iron on larger engines where water cooling would 
otherwise be necessary although the experience in tliis applica¬ 
tion has not altogether established complete operating data. 
The rather high coefficient of expansion is difficult to control in 
larger units. It may be fairly well accomplished in the smaller 
engines through the use of Invar rings, and therefore the 
tendency to slap when cold may be somewhat eliminated. In 
some cases, the expansion is taken care of through the use of a 
split skirt. 

Aluminum has the disadvantage of being a comparatively 
poor bearing material, and hence requires good lubrication in a 
place where good lubrication is not easily maintained. Also, 
being a soft material, it loads up with dirt and acts as a lap on 
the liner. Seizure is not so severe, however, as with an iron 
piston. 

Pistons of the aluminum type are usually made of a copper- 
magnesium-nickel alloy, heat-treated to develop a Brinell 
hardness of around 120. Because of the low modulus, there is a 
tendency for distortion under load, which must be taken care of 
with additional clearance in the vicinity of the piston pin. 

Steel is not generally used as a piston material because of 
the difficulty in obtaining a satisfactory casting and its tendency 
to gall under failure of lubrication. Piston heads may be made 
of steel and used with iron skirts, however. 

In a later chapter, what appears to be a solution of the piston 
design problem will be discussed in some detail. 

Piston rods. One of the most likely sources of trouble in 
the double-acting engine is the piston rod. The diameter of 
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the rod must be kept small in order to interfere as little as pos¬ 
sible with the capacity of the lower combustion chamber. This 
means that the working stresses must be high. The rod must 
also act as a carrier for the piston-cooling medium. If the rod 
is hollow bored to permit a circulation of the cooling liquid, 
the temperature gradient stresses may be quite appreciable. If 
the rod diameter must be kept smaller than would otherwise be 
necessary, the corrosion and the resulting stresses are high. If 
the circulating medium is water, the danger of corrosion is great. 
Corrosion not only lowers the endurance limit of the steel, but it 
causes pits that localize the stresses, further accelerating failure. 

On account of tlie high working stresses and the packing 
wear, the natural tendency is to make the rods of alloy steel, 
suitably lieat-treated to develop strength and hardness. How¬ 
ever, such rods do not seem to stand up as well as those made of 
softer steels, because they apparently lack that inlierent tough¬ 
ness that is so essential to resisting the progressive type of 
failure. Either straight carbon or some soft alloy of the 
nickel-manganese type seems to be used most often in practice 
and works out best. 

Piston rings. Piston rings are usually made of straight 
silicon cast iron regardless of the type of liner used. Excellent 
results have been obtained through the use of nickel iron, and 
its use for this purpose should increase. Steel, of approximately 
spring temper, may be used in smaller sizes. Experiments have 
been conducted with other types of iron and hardened steels, 
but the results have not been sufficiently outstanding to bring 
about any general change from cast iron. 

Piston pins and bushings. The chief requirements of the 
piston pin are that it be light, have sufficient strengtli to carry 
the load, and have tlie proper hardness to resist wear. Witli 
adequate lubrication and a suitable fit, a piston pin should 
lesist wear indefinitely. Pins may be made of hardened tool 
steel. However, they are more usually made of carburized 
and liardened steel. Nitrided and chromium-plated pins liave 
also been used with some success. A smooth, highly finished 
surface is essential to long life. 

Bearing bronzes of the composition type are most generally 
used for bushings, although copper-lead seems to be meet¬ 
ing with some favor because of the smaller damage to the 
pin in the event of seizure, and this type under normal conditions 
works satisfactorilv. 
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Crankshafts. One of the most desirable conditions or charac¬ 
teristics in a crankshaft is that the directional grain flow of the 



Fig. 4-10. Wreckiigc of a 1000-hp Diosel engine where liie piston and rod were 
thrown through the side of the engine while under load at full speed. Deep scjores 
and cuts can be seen in the erankpin. It was believed that the connecting rod 
bolts were overstressed and gave way, or w(*re faulty. 

metal follow the contour of the section and be continuous 
throughout its length. Such a condition eliminates the traverse 
stressing of the material. Single-piece forgings are preferable 
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to the builtrup sections because of the better stress distribution 
at the changes in section. Failures, when they do occur, how¬ 
ever, are usually the result of critical vibrations, and the stresses 
developed in this manner are generally more than any metal 
can be expected to carry. 

In order to obtain the necessary rigidity in a crankshaft, 
the section is large, and hence the working stresses are low. 
Consequently the question of strength is not such a serious 
matter. Bearing wear is one of the important considerations in 
the material and design of the shaft. Most crankshafts are 
made of a straight carbon steel. On the other hand, on some of 
the higher-speed engines, a harder material is used. In such 
cases, the bearings may be hardened by case carburizing or 
nitriding. The latter, although more expensive, is perhaps the 
preferable metliod. 

Connecting rods. Connecting rods present few, if any, 
metallurgical problems. The majority are made of carbon 
steel, suitably treated. Some of the smaller high-speed engines 
use alloy steels to meet the higher speeds. Aluminum may be 
used, but as a rule, the expense is not warranted. With careful 
distribution of the metal in a steel rod, the section can be made 
so that it is light in weight, and suitable results are realized at 
less cost. 

Bearings. In the small high-speed engines, the bearing 
conditions in the Diesel engine may be severe but, on the whole, 
they are rather normal. 

As a rule, the crankshaft bearings, both main and connecting 
rod, are made of a thin layer of wliite metal backed up with a 
strong steel shell. The tin-base alloys, because of their greater 
strength, are preferred. In the fabrication of the bearings, 
care must be taken to see that there is a good bond between the 
white metal and the base and that the metal is not overheated 
in pouring, A poor bond usually results in cracking and in 
liigher temperatures of operation. The serious disadvantage 
to the use of the white metals isLtheir low-temperature operating 
range. When the operating temperatures are higher than the 
white metals can stand, the leaded bronzes are used. Their 
operating limit, reached through a fusion of the lead, is around 
()00° F. Because of the high coefficient of expansion, these 
metals must either be used as thin lining on a steel back, or else 
fitted with appreciable clearance. Seizure, when it occurs, is 
rather positive but usually not destructive. 



Ch.4I 


METALLURGICAL PROBLEMS 


189 


The leaded bronzes are frequently used on small plain 
bearings and guides where the conditions of lubrication are not 
good. In the presence of dirt, however, they tend to load 
up and act as a lap. Camshaft and other accessory bearings 



Fig. 4-11. Cylinder head, showing dual valves and air starting valve (Hendy 
Series 50). The head is of cast-iron construction, the metal being evenly dis¬ 
tributed to eliminate uneven heat stresses. The intake and exhaust valve ports 
are of large size, scientifically designed to reduce the velocity of the air through 
them. 


are taken care of by any one of the standard copper-tin-lead 
mixtures tliat are regularly available. Such bearings give 
good results when the hardness is suitably adjusted to the 
mating steel. 

Good alignment, smooth finish, and adequate lubrication are 
requirements. 
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Valves. The exhaust valves, being perhaps the hottest 
spot in the engine, naturally must be made of material that will 
withstand the temperatures involved. In the larger engines, 
cast iron does very well, particularly if alloyed with chromium 
and nickel. In the small units where the conditions are more 
severe, better materials, such as chrome-nickel-silicon steels, 
may be neccvssary. Ni-Resist, stainless steel, and the chrome- 
nickel steels are also used. To reduce costs, a heat-resisting 
alloy head may be welded to a carbon steel or alloy stem. 

The heat-resisting materials are rather poor conductors of 
heat, and the heat dissipation has, in some cases, been improved 
by inserting a cone of salt or copper within the head and stem. 
Under severe conditions, such as are found in the smaller high¬ 
speed engines, such types may serve a useful purpose. 

The inlet valves, being continually cooled by the incoming 
air, do not require particular attention. Good results are 
obtained with cast iron on the larger units, and with straight 
alloy steels, such as a medium carbon-chrome-nickel, on the 
smaller engines. 

The clearance between the valve stem and the valve guide 
must neces.sarily be small, and the conditions of lubrication 
are not good. As a result the valve stem must be made as 
hard as practically possible. Attempts have been made to do 
this through the use of chromium plating, but the results have 
not been overly successful. The guides are, as a rule, made of 
medium-hard cast iron or a bronze. 

Valve seats are usually cut directly in the cylinder head 
material and, generally speaking, the results have very often 
proved satisfactory. Inserted seats of some harder or heat- 
resisting material may be used, but mechanical difficulties in 
keeping them tight make their use undesirable. 

Fuel systems. Becau.se of the high pressures involved and, 
at times, the corro.sive nature of the oils handled, the spray 
nozzles and pump parts must be made of a hard, corrosion- 
resisting material. The staiilless steels, .suitably heat-treated, 
seem to meet the requirements. The design and construction of 
the different parts that are briefly discussed here will be treated 
in detail in later chapters. 

Note; Metallurgical terms italicized and technical expres¬ 
sions related to heat treatment are defined in a glossary. Ap¬ 
pendix I. 
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TABLE 4-2 

Comparative Physical and Mechanical Properties 
Physical CVdistants 


Material 

Den¬ 
sity lb 
per 
cu in. 

1 

Melting 
Range 
" F 

Mean 
Specilic 
Heat 
(32°- 
212° F) 
Btu/lb/ 

° F 

Mean Co¬ 
efficient of 
Thermal 
Expansion 
(32°-212° 
F) in./in./ 
° F 

Elec¬ 
trical 
Resis- 
tiyity 
(68° F) 
ohms/ 
cir.inil. 
ft 

Thermal 
Conduc¬ 
tivity 
(32°- 
212° F) 
Btu /sq 
ft/hr/ 

° F/in. 

Monel. 

0.319 

2370-2460 

.127 

.0000078 

290 

180 

Nickel.. 

0.321 

2615-2635 

.13 

.0000072 

57 

420 

Inconel. 

0 307 

2540-2600 

.109 

.0000064 


104 

“ K ” monel. 

0.306 

2400-2460 

.127 

.0000078 

350 

130 

“R" monel. 

0 319 

2370-2460 

.13 

.0000078 

290 

180 

“ KR” monel. 

0.306 

2400-2460 

.127 

.0000078 

350 

130 

“Z” nickel. 

0.316 

2615-2635 

.13 

.0000072 

100 

420 

“1)'’ nickel. 

0.317 

2600 

.13 

.0000074 

no 

335 

Chopper. 

0.322 

1980 

.092 

.0000098 

10.4 

2680 

Cupro-nickel (70-30) 

0.323 

2235 

.09 

.0000087 

220 

200 

Brass (yellow). 

0.306 

1710 

.095 

.0000112 

40 

830 

Beryllium copper_ 

0.297 

1750 

.1 

.0000092 

50 

650 

Nickel-silver (18%).. 

0.316 

2030 


.00001 

175 

230 

Zinc. 

0.258 

786 

.094 

see* below 

36 


Wrought iron. 

0.278 

2700-2750 

.11 

.0000067 

87 


(Wbon steel (SAE 
1020). 

0.284 

2760 

.107 

.0000067 

I 60 

460 

Stainless steel type 
304.' . 

0.29 

2550-2650 

.12 

.0000096 

430 

113 

Stainless steel type 
310... 

0.29 

2550-2650 

.12 

.000008 

480 

90 

Stainless steel type 
316. 

0.29 

2500-2550 

.12 

.0000089 

440 

108 

Stainless st(^el typ<^ 
330.[.. . 

0.28 

2550-2650 

.11 

.0000071 

fiOO 

90 

Stainless steel tyjie 
430.. 

0.28 

2700-2750 

.11 

.0000058 

> 

360 

180 

Aluminum (2S). 

0.098 

1200-1210 

.23 

.0000138 

17.6 

1570 

Aluminum (17S). .. . 

0.101 

995-1190 

.23 

.000013 

34.6 

810 

Lead. 

0.410 

620 

.03 

.0000164 

124 

240 


* Longitudinal teat 0.000018; tiansverne test 0.000013. 
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TABLE 4-2 {Cord.) 
Mechanical Properties 


Materia] 


Monel (wrought) 

“R” monel. 

“K” monel. 

KR” monel.... 

Nickel (wrought) 

“D” nickel. 


“Z” Nickel 


Inconel (wrought). 

Cupro-nickel (70-30).... 
Yellow brass (high brass) 

Beryllium copper. 

Nickel-silver (18%) 
(wrought). 

Carbon steel (SAE 1020) 
Stainless steel type 304. . 

Alcoa 17S. 

Copper. 


Form and 
Condition 

Yield 
Strength 
(0.20% 
offset) 
1000 psi 

Annealed. . . 

35 

Hot-rolled.. . 

50 

Cold-drawn. 

80 

Hot-rolled... 

45 

Cold-drawn . 

75 

Hot-rolled.. 

45 

Hot-rolled^ . 

110 

Cold-drawn. 

85 

Cold-drawn. 

115 

Annealed. . . 

20 

Hot-rolled.. . 

25 

Cold-drawn . 

70 

Annealed. . . 

35 

Hot-rolled... 

50 

Cold-drawn . 

80 

Hot-rolled... 

50 

Hot-rolled^.. 

130 

Cold-drawn . 

90 

Cold-drawn* 

135 

Annealed. . . 

35 

Hot-rolled.. . 

60 

Cold-drawn , 

90 

Annealed. . . 

20 

Cold-drawn . 

60 

Annealed. . . 

18 

Cold-rolled 2. 

75 

Annealed. . . 

30 

Cold-rolled*’* 

97 

Annealed. . . 
Cold-drawn 2 

20 i 

i 

Annealed. . . 

40 

Hardened^. . 

62 

Annealed. . . 

- 35 

Cold-rolled.. 

100 

Annealed. . . 

10 

Annealed*... 

37 

Annealed®... 

47 

Annealed. . . 

10 

Cold-drawn . 

40 

Cold-rolled’’. 

48 


Tensile 
Strength 
1000 psi 

Elon¬ 
gation 
in 2 in. 
per 
cent 

Hard¬ 

ness 

Bri- 

nell 

75 

40 

125 

90 

35 

150 

1(K) 

25 

190 

85 

35 

145 

90 

25 

180 

100 

40 

160 

150 

25 

280 

115 

25 

210 

155 

20 

290 

70 

40 

100 

75 

40 

110 

95 

25 

170 

75 

40 

140 

90 

35 

150 

100 

25 

190 

105 

35 

180 

170 

15 

320 

120 

25 

220 

175 

15 

340 

85 

45 

150 

100 

35 

180 

115 

20 

200 

50 

45 

80 

70 

20 

150 

45 

60 

60 

90 

5 

180 

70 

42 

125 

190 

2 

340 

58 

40 

90 

105 



GO 

35 

130 

90 

22 

175 

85 

55 

160 

140 

20 

260 

26 

20 

45 

60 

20 

100 

65 


101 

32 

1 40 

30 

45 

I 20 

105 

52 

5 

120 


Tensile 

Moduluj 

1 , 000 , 00 < 

psi 


20 


20 


26 


30 


30 


30 


31 


29 


10.3 


16.8 


' Heat-treate«l. * Hard temper. > Water-quenched, drawn at KXK)® F. * Solution heat-treated 
and aged. ^Sohition heat-treated, aged, and cold-worked. 
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TABLE 4-3* 


Effect of Anneaunq Temperature on the Hardnbhs of Cabt Iron 
Composition: Total Carbon, 3.42%; Graphitic Carbon, 2.95%; Combined Carbon, 
0.47%; Manganese, 0.77%; Phosphorus, 0 17%, Sulphur 0.092%; Silicon, 1 87%; 


Specimen 

Annealed 1 Hour 
at 

Brinell Hardness 
Number 

1 

Sclero- 
scope 
Hardness 
Number, 
Model D 

Rockwell 
Hardness 
Number 
“B“ Scale 
He-hi- Ball 
lOO-kg 
Ijoad 

10-mm 

Ball, 

3000-kg 

Ix)ad 

5-mm 

Ball, 

750-kg 

Ijoad 

O (1 

F 

No. 1. 

as cast 

a.s (mst 

201 

206 

37 

93 

No. 2. 

100 

212 

197 

196 

36 

91 

No. 3. 

200 

392 

201 

206 

37 

93 

No. 4. 

300 

572 

197 

19C 

36 

91 

No. 5. 

400 

7.52 

197 

196 

36 

90 

No. 6. 

500 

932 

170 

178 

32 

85 

No. 7. 

600 

1112 

114 

111 

25 

68 

No. 8. 

700 

1292 

121 

121 

25 

71 

No. 9. 

800 

1472 

156 

170 

30 

80 

No. 10. 

900 

1652 

179 

187 

34 

85 

No. 11. 

1000 

1832 

179 

187 

34 

85 


Note. — ^ in. of surface material removed after heat treatment before tests 
were made. 

“Heat Treatment Fundamentals of Plain and Alloy Cast Iron,” Metals cfe 
A lloys, September, 1931. 
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QUESTIONS 

1. What alloy-steel castings are used in the manufacture of 
Diesel engines? 

2. What are the advantages and disadvantages of steel castings? 

3. Why must all steels, particularly the alloy types, be heat- 
treated? 

♦ CourteHy lnternatit>nal Nickel Co. 
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4. What is the principal characteristic of stainless steels as to 
their use? 

5. What is the purpose of heat-treating forgings? 

6. What advantages do the aluminum alloys possess? 

7. For what use in the Diesel engine are bronzes well established? 

8. Name the advantages of monel metal. In what form is it 
available? 

9. What particular physical property should a bearing metal 
have? 

10. What alloys are closely associated wuth the application of white 
metal? 

11. When using the harder cast bronzes, what characteristics are 
utilized and what mechanical considerations are essential to their 
satisfactory performance? 

12. Are the beryllium-copp)er alloys generally used on a wide S(;ale 
as bearing metals? 

13. What are the chief characteristics of chromium plating, and 
what advantages are claimed for it? 

14. Is chromium suitable for bearing purposes? 

15. Where does chromium work best, and what is its use intended 
to prevent? 

16. To what extent are welded structures used in Diesel engines? 

17. Under what conditions (^an cast iron be welded successfully, 
and what is essential to make the process successful? 

18. What has welded construction to do with the weight of the 
engine? 

19. Would it be sound prac^tice to use welding generally to build up 
worn or undersize working parts? 

20. What are some of the objections to the use of welding for the 
purpose of building up worn parts? 

21. What defines a metallurgical failure of a part? 

22. When does a problem of design become a metallurgical problem ? 

23. What is the general cause of breakage of engine parts? 

24. What is the maximum stress value of a material (tailed? 

25. What causes stress concentrations, and what may they be the 
result of? 

26. What is the prolific; source of breakage in the engine parts? 

27. What are the abnormal stresses due to periodic vibrations that 
are difficult to determine? 
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28. What metallurgical characteristics are related to the main¬ 
tenance of a good oil film for surfaces that must be lubricated? 

29. Does metal-to-metal contact occur despite lubrication? 

30. When and why does oil work out of a bearing? 

31. What material is usually used in the engine frame work, and 
what are some of the metallurgical problems? 

32. To resist wear, what metallurgical characteristics should a 
liner have? 

33. How are liners usually cast? Name the two methods. 

34. Why are good cylinder head castings difficult to cast? 

35. What kind of alloy may be used in cylinder head castings to 
prevent or retard failures through growth and fatigue. 

36. What are the drawbacks of aluminum for use in making heads, 
and other complicated castings of that nature? 

37. Why is steel not good piston material and what is the chief 
difficulty in using it for this purpose? 

38. What metallurgical composition is used for piston rings? 

39. What material is used for piston rods? 

40. What composition or kind of steel is used for crankshafts? 

41. What metal is used for piston pins and bushings? 

42. What are the main problems of making connecting rods? 

43. What kind of bearings may be made with the leaded bronzes? 

44. On account of the severe operating conditions, what kind of 
material should be used for exhaust valves? 

45. In what kind of engines may cast-iron valves be used? 
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THE FUEL-MIXING PROBLEMS 


The Diesel engine differs from the gasoline engine in that the 
fuel in the former must be intimately mixed with the combustion 
air in the cylinder in a short interval of time, whereas in the 
gasoline engine the time necessary for the entire suction stroke 
and compression stroke is available for the fuel-mixing process. 
Gasoline fuel is made to mix readily with the intake air by 
its high velocity through the intake manifold and its high rate 
of travel through the tube of the carburetor, the heated induc¬ 
tion passages, and the heated valve port. It is also in contact 
with the heated walls of the cylinder during the compression 
stroke. This, added to the induced turbulence during compres¬ 
sion stroke, aids in completely vaporizing and preparing the 
fuel mixture for rapid ignition by the spark. In other words, 
this mixing process in the gasoline engine goes on over 360 deg of 
the crank angle, but, in the Diesel engine, the injection and 
mixture process must take place during the movement of the 
crank through only 30 to 15 deg, and hence there is but >12 
to ^/' 24 : as much time available for the mixing and preparation of 
the fuel for combustion in the Diesel engine as there is available 
for the same process in the gasoline engine. 

Fuel injection methods. The systems employed to atomize 
and prepare the Diesel fuel for combustion during this short 
interval of time, particularly in the high-speed engines, must be 
highly perfected and extremely efficient, and maintained in this 
condition if anything like satisfactory operation of the Diesel 
engine is to be realized. The design must be suited to the type 
of engine and its service if the fuel is to be properly injected, 
finely divided, and mixed intimately with the correct amount of 
air to insure its rapid and complete combustion. 

Diesel fuel injection systems eject the fuel at high pressures 
through spray nozzles into the highly heated compressed air 
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in the combustion space. Thus the fuel becomes thoroughly 
atomized, or divided into very fine particles or droplets. The 
combustion chamber must be of such shape that the incoming 
air will be given a high degree of turbulence before the fuel is 
injected into it. This requirement has resulted in the develop¬ 
ment of numerous designs of combustion chambers and a con¬ 
siderable number of arrangements of the combustion space and 
the locations of the fuel injection devices. It would not be 
possible to understand the Diesel engine without taking a 
number of these details into careful consideration. 

Types of combustion systems. Throughout the history of 
the Diesel, particularly the last fifteen years, during which the 
high-speed engine has been brought to a high degree of develop¬ 
ment, numerous systems have been designed or proposed for 
the fuel injection and combustion. These systems fall into 
four or five general classes, any one of which may have certain 
features common with others, but will have a certain classifica¬ 
tion according to the method used to meet definite operating 
conditions and increase efficiency under those conditions. 

These basic classifications predetermine the variations in 
engine construction and hence suggest the application to which 
the engine may be best suited. Obviously the various modifica¬ 
tions of the basic system are multiplied further by the opinion of 
the designer, or the difference of opinion regarding such of these 
features as the various systems may have in common, namely, 
the disposition and location of the injection valves, the allot¬ 
ment of space in the combustion chamber, the design of the 
injection valve and its position with respect to the combustion 
chamber, the means of metering the fuel, the injection pressures 
employed, and many other factors according to the fancy of 
the designer. 

These variations are more likely to be confusing to the practi¬ 
cal operating man unless he has learned to recognize the dis¬ 
tinctions and features that definitely place a fuel system in a 
designated class, and is able to see tlie relative importance of 
the various features of any system under consideration. The 
main classifications or distinctive features may be briefly con¬ 
sidered from the following descriptions. 

i. Open combustion chambersj called single combustion cham¬ 
bers. With the open combustion chamber multiple-hole spray 
orifices requiring very high injection pressures through the nozzle 
are usually associated, to atomize the fuel. 
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2, Precombustion chamber with direct air turbulence. Most 
of the precombustion chambers are distinguished by what is 
called a unidirectional air flow across the fuel spray, which may 
be injected at moderately low-injection pressure through fairly 
coarse single-hole injection nozzles. 

3, Air-storage or air-cell chamber. Fairly low pressure is 
used for injection of the fuel in the air-storage or air-cell cham¬ 
ber, the mixing being ac(*omplished l)y precombustion of a part 
of the fuel before it enters the main combustion space. 

4, Low-compression^ spark ignition fuel injection. This sys¬ 
tem employs fairly low injection pressures and divided com- 
l)Ustion chambers. In tins system the air is compressed into an 
air-storage chamber situated either in the cylinder head or in the 
piston. 

Experience indicates that the open combustion chamber/ 
known as tlie single combustion chamber, seems to afford the 
most efficient solution to the combustion and heat control 
problems. This system provides the higliest mean effective 
pressures and is adaptable to small and large engines, rendering 
them easier to start, but the system has not been widely used 
in many high-speed engines, for a number of reasons that will 
become apparent. 

In the open combustion chamber the cooled surface exposed 
to the combustion flame is at a minimum and hence there is 
less loss of heat to the (tooling water, but despite its drawbacks 
it is the most efficient system and one with which all other 
systems will be compared. 

The precombustion chamber has a larger cooled surface, 
resulting in a greater heat radiation during combustion as well 
as during compression. Rapid flow of heat from the combustion 
flame to the cooling water is thereby increased, due to concen- 
1 ration of the heat in the small throat and the neck communicat¬ 
ing with the main cylinder space and due to the high velocity 
and temperature of the gas^ mixture that is projected into the 
cylinder for the second phase of the combustion. This feature 
alone restricts to a very considerable extent the efficiency of heat 
utilization and the mean effective pressures in the small engine 
cylinders. 

The mean effective pressures of the precombustion chamber 
system are reduced further by the less efficient scavenging and 
lower volumetric efficiency due to a certain amount of inert 
gases that are usually trapped in the precombustion chamber; 
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moreover, the cylinder head is more complicated and heavier 
for this type, particularly in the 4-cycle engine. Starting the 
engine from “stone cold” is more difficult. Usually a higher 
compression is maintained to facilitate starting, further aided 
by heating coils or some similar device. 

The advantages are obvious. Such an engine is not sensitive 
to the burning of the heavier, common fuel oils, and it does not 
require high injection pressures through multiple-hole orifices. 
The injection pump and nozzles will give less trouble and require 
less maintenance; however, a majority of the current engines 
are modifications of the precombustion system of fuel injection, 
a system that had its beginning even earlier than the Diesel 
engine in the hot-bulb or surface ignition type of engine. 

Combustion chamber design. Combustion chamber design 
and development for the Diesel engine have reached such a 








Fig. 5-1. Antechamber injection arrangements. Combustion chambers 
shown are of the following engines, the bore of the engine in inches being indicated: 
left, Deutz, 43-2 i center, Mercedes-Benz, 4.13; right. Hill, 332 


point that it is no longer profitable to work out fundamentally 
new forms. The existing types offer a wide range for selection. 
The questions to consider in regard to any type are, first, whicli 
designs make possible good combustion at variable loads and 
speeds, and give high mean effective pressures; and, second, 
which designs afford these desirable results in the simplest 
manner. 

Precombustion chamber. Combustion chambers are divided 
into three major groups. In the first group the fuel is injected 
into a small precombustion or antechamber at moderate pres¬ 
sures, as shown in Fig. 5-1. Some of the fuel partially burns 
while in the precombustion chamber, which results in a pressure 
rise in the precombustion chamber. This pressure rise, accom¬ 
panying the first stage of combustion, projects the remaining 
fuel, the highly heated air, and the products of the partial com¬ 
bustion through the neck or throat or the holes communicating 
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with the main cylinder space, where the.second stage of the 
combustion takes place automatically upon receiving additional 
air. 

Air-storage chamber. Another class of combustion chambers 
mentioned is represented in Fig. 5-2, which shows the Aero 
system, a typical form of this class, in which the combustion air 
is compressed into an air-storage chamber placed in the head or 
the piston, as the case may be. This chamber communicates 
with the clearance space above the piston and under the cylinder 



Fig. 5-2. The Ac.ro system, Saurer caigine, 4.33-in. bore. This is a French engine 
developed before the 1930’s. 


head through a narrow, funnellike passage into which the fuel is 
sprayed at moderately low injection pressures. The function of 
the air chamber is to supply air to the burning fuel, making the 
coml)ustion process somewhat similar to that in a blow torch. 
This type of chamber and tlie general designs of the ante¬ 
chamber have the advantage of low fuel pump pressure and 
coarse jets through single-hole orifices as a rule and the dis¬ 
advantage of being hard to start and having lower thermal 
efficiency. 

Single combustion chambers and their efficiency. The third 
class of Diesel combustion chambers comprises the single com¬ 
bustion chamber into which the fuel is injected at high pressures 
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either through one central injection valve with a single- or 
multiple-hole nozzle or through one or two injection valves from 
the side. Examples of this class are shown in Figs. 5-3, 5-4, and 




Fig. 5-3. Single combustion chambers 



with (*(mtral injection. 



Fig. 5-4. Single combustion chambers with side injection. These were the early 
forms originated prior to 1930. 


5-5. It should be noted that the examples of this type of cham¬ 
ber indicate great differences in regard to shape. Usually the 
form of the combustion chamber is such, that the shape is 
adapted to the direction and form of the spray jet. The air 
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intake valves and their ports are arranged so as to promote 
directed air turbulence, the piston causing additional air whirl 
as it approaches upper dead center. This results in giving the 
whole mass of rotating and whirling air a movement that makes 
possible the penetration of the fuel jets. 

Considerable attention has been devoted to the development 
of single combustion chambers in wliich the combustion is 
aided by directed air turbulence as a direct method of attaining 
high mean effective pressures with low fuel consumption with 
wide ranges of load and speed. When fine spray atomization 



Kig. 5-5. Single eoinbnstioii (chambers with tlirecicMl turbulence and central 
injection. The sketch at the left represents Ricardo engines of 5j>i-in. and 71 .^-in. 
bores. The central sketch is of the Hessehnaji engine, and the sketch at the right is 
of a 9-in. bore engine. This engine was developed around the early 193()\s. 

by high-pTessure injection is employed to obtain this result, the 
nozzle holes must be very small and numerous, and exceedingly 
liigh pump pressures for the larger cylinders are needed, a 
requirement that imposes a number of disadvantages. 

Uncontrolled turbulence, caused by the quick displacement 
of the air entrapped between the outer part of the piston top 
and the bottom of the cylinder head, may be developed in any 
of the single combustion chambers shown in Figs. 5-3, 5-4, 
and 5-5. Tlie wider the flat piston rim and the smaller the 
piston end clearance, the greater is the turbulence. The width 
of the rim of a dished piston is limited by the necessity of mak¬ 
ing room for the spray. The rim is usually wide for large 
cylinders, but it is necessarily naiTOW in the case of small 
engines to avoid the necessity for very fine spray holes in the 
orifices of the nozzle. 
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Controlled turbulence in conjunction with central injection 
has been applied by Hesselman. His design included a shrouded 
portion of the inlet valve, as show’n in Fig. 5-5, so that the air 
flows into the cylinder tangentially and rotates, after being 
compressed, at such speeds that it is made to move from one 
fuel jet to the next during the injection period. Later, we shall 
see how Ricardo made use of tliis principle in his liigh-speed, 
sleeve valve engine, illustrated diagrammatically in Fig. 5-5. 
The test results that were reported on this engine were very 
interesting. The indicated mean effective pressure at the nor¬ 
mal speed of 1300 rpm was given as 112 psi with a fuel con- 
sumptit)!! of 0.29 lb per ihp; and 122 psi was the indicated mean 
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Fig. 5-(). (Uassification of combustion chambers. 


effective pressure with a fuel consumption of 0.285 pounds per 
ihp at 2000 rpm. A fuel consumption of 0.38 lb per bhp was 
guaranteed for the 7^2 X 12 in. Ricardo engine at 900 rpm. 
Tltis was a remarkable result. 

Ricardo’s results were obtained with a single soUd fuel jet 
from one large open nozzle of Kz-in. diameter, placed vertically, 
near the high cylindrical wall of the combustion chamber as 
shown in Fig. 5-5. Tangential ports in the sleeve valve direct 
the air into the cylinder in a circular current, the angular speed 
of which is approximately doubled when the air stream is 
transferred, without losing peripheral speed, into the com¬ 
pression space having a diameter about one half that of the 
main cylinder. Uncontrolled turbulence is superimposed upon 
the directed air turbulence or rotational swirl near top dead 
center by the displacement of the piston. Ricardo found by 
means of numerous experiments that the best results are obtain¬ 
able when the incoming air is so directed that it makes one 
revolution within the combustion chamber in a crank angle of 
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from 30 to 36 deg, which is identical with the injection period 
at full load. 

An attractive feature of Ricardo’s high iurbideiure chamber 
is the simple spray nozzle having a hole of unusually large size. 
This feature eliminates the danger of choked nozzles and also 
allows low fuel injection pump pressures. This is desirable as 
high pressures mean increased maintenance cost of the fuel 
injection pump parts. The advantages enumerated are, how¬ 
ever, offset by the necessity for a sleeve valve construction, 
which leads to expensive mechanical details and complications. 

Directed turbulence effect has been tried in a number of 
designs in recent years, such as the arrangement of simple dual 
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Fig. 5-7. Test curves of Sl'i X 12-in. two-cylinder experimental engine. 
Ontario crude oil was used as fuel, the engine running at (iOO rpm. Examples of 
the use of curves such as this are given in a paper by Otto Nonnenbruch. 


inlet valves represented diagrammatically in Fig. 5-5. The 
valves were placed and the inlet ports so shaped that the air 
could be drawn in spirally and thus induce a rotational motion 
on the vortex-shaped piston, and the circular motion of the air 
was intensified during the compression stroke. The fuel is 
injected through a multiple-orifice spray valve, centrally located 
so as to direct the jets close to the piston but not to toucli it, 
with the result that the air immediately below the flat cylinder 
head expands through the burning fuel jets during the down 
stroke of the piston. It was desired that turbulence of the air 
charge would take place at the desired speed, which would 
increase or decrease in proportion to the speed of the engine. 
This experimental engine afforded an opportunity to study the 
various arrangements and reports made to the ASME were 
very enlightening. 






Ch. 5] 


THE FUEL-MIXING PROBLEMS 


145 


Desirable factors for economical operation of high-speed 
engines. In order to maintain the economical operation of the 
Diesel engine, it is concluded that certain desirable results 
must be realized in practice for any system of combustion. 
To enumerate these factors: 

1. Minimum fuel system maintenance with maximum reli¬ 
ability obtainable by the use of a single-hole orifice channeled 
to a single-plunger fuel pump for each cylinder has been the 
desideratum. 

2. Colorless exhaust at all operating loads and speeds made 
possible by sustained pressure fuel atomization with positivelj’^ 
controlled start of the injection period and sharp cutoff. 

3. Individual measuring type of fuel pumps for close regula¬ 
tion of minute fuel quantities to assure accurate distribution, 
obtainable by injection to the cylinders of a finely atomized 
spray for satisfactory idling and slow-speed operation. 

4. Rapid heat transformation of the injected fuel by good 
distribution and correct and sufficient turbulence obtainable 
with high temperatures. 

5. Reasonably low maximum pressures reached at limited 
accelerated rates of pressure rise in the combustion chamber. 

Comparative conclusions. To continue the comparison of 
the two major kinds of precombustion chambers and the shapes 
that aim at the results enumerated, the two types may be studied 
as shown in Fig. 5-8. These two types are designed for the 



Chamber X 



Fig. 5-8. Two types of combustion chambers designed to control combustion. 
Chamber X regulates rate of fuel feed, while chamber Y is a precombustion chamber 
of limited oxygen content. C'hamber X gives lower fuel consumption, while 
chamber Y gives greater smoothness and permits higher brake mean effective 
pressures. 

control of the combustion in the manner and for the purpose 
indicated, but they differ in shape and design. Chamber X 
regulates the rate of the fuel feed, and chamber Y has a pre¬ 
combustion chamber, or antechamber, of limited capacity for air. 
The quality of combustion can be made all that is desired in 
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either type of chamber, but chamber X gives a lower fuel con¬ 
sumption and a higher brake mean effective pressure, whereas 
chamber Y gives a greater degree of smoothness in combustion 
and permits high sustained brake mean effective pressures. 
The question may be asked then, Why the difference? 

The shape of the fuel consumption curve has greater signifi¬ 
cance to the operating man than has the actual minimum figure 
of fuel consumption obtained at certain loads and conditions. 
A close approach to the flat parabolic? form of curve is highly 
desirable, whereas in practice it is frequently the case that the 
hyperbolic form of curve is found. In other words, the Diesel 
engine, if it is to he highly successful, should not have a liigh 
fuel consumption at light loads and idling speeds. This will 
be the case unless the fuel injection and coin})ustion systems are 
adapted to the application and the design of the engine. Com¬ 
bustion system X is lower in fuel consumption simply because 
it will have lower heat losses than chamber Y, particularly at 
lower loads and idling speeds, because it has a compact combustion 
(chamber with less surface exposed. Chamber Y has a greater 
smoothness of comlmstion than cliamber X and therefore will 
permit a higher sustained brake mean effective pressure. In 
pra(?tice the two types are approximately balanced in output. 

Combustion smoothness is of great importance if it can be 
obtained by simple automatic means. Volume control of the 
burning gases, accomplished in chamber Y, lias a more practical 
appeal to the operator than has the fuel volume control in 
chamber X. In this connection, it is evident that a pra(;tical 
compromise must be made between low fuel consumption and 
smoothness of operation, between brake mean effective pres¬ 
sure and low maintenance cost, between ideal full-load operating 
economy and wide flexibility of speed with fair fuel economy 
at all speeds. 

Good idling is essential in applications such as those in 
mobile equipment. In such appli(*ations all cylinders should 
be able to contribute equally in providing part of the load for 
uniform idling, even for extended periods. An engine with 
the Y-type chamber will idle to lower speeds with positive 
ignition than will one with the X-type chamber. Ignition of 
the preliminary fuel charge is the same regardless of the load or 
speed with the Y-type chamber, the fuel consumption and 
thermal conditions remaining practically constant over the 
entire range of operating speeds and loads. 
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Starting is easier, however, with the compact chambers of 
the X-type, as the more concentrated and less divided the 
combustion space, the lower will be the compression pressures 
necessary for starting the engine when cold. System X, 
therefore, has superior starting characteristics compared with Y. 
The latter system usually requires electric heating coils to 
assist in starting in cold weather. 

There are many modifications of each design. It may be 
assumed that directed air turbulence in open chambers or the 
use of precombustion chambers in coml^ination with various 
fuel injection nozzles is common to the average high-speed 
engine. The nozzles for injection of the fuel are either centrally 
placed in the top of the cylinder head, or placed at the side of 
the cylinder head, depending on the shape and design of the 
combustion chamber. 

The common-rail system of fuel injection, for example, 
may be used for the various combustion chambers shown in 
Fig. 5-4. On the other hand, an individual pump for each 
cylinder may be used for the various combustion chambers, a 
method that is used with the high-speed Diesel engine. Excep¬ 
tion to this is the use of a single-plunger pump and a distributor 
disc, fuiK'tioning similarly to the distributor on the ignition 
system of the gasoline engine. The shape, size, function, loca¬ 
tion, and design of the combustion chamber, in conjunction 
with a predetermined fuel injection process, have occupied the 
attention of designers and inventors for forty years. The 
United States Patent Office has issued more than 1000 modifica¬ 
tions of the Diesel combustion chamber, and it frequently 
appears that a greater number are in use than are justified. 
It can be said that despite this great number of patents and 
designs, they are only variations of the few basic types here 
discussed. Only a small number are in practical everyday 
commercial use. 

Turbulence, atomization, and vaporization. In the Diesel 
engine, ignition of the injected fuel immediately following its 
entrance into the combustion space is desired. If rapid and 
instantaneous ignition is to be obtained, the fuel must reach its 
ignition temperature in an interval of time so short as to be 
measured only in thousandths of a second, as already shown. 
The fuel must be injected into an atmosphere the temperature 
of which is higher than tlie ignition temperature of the fuel. 
This temperature is obtained by means of high compression. 



148 


THE FUEL-MIXING PROBLEMS 


[Ch. 5 


Fuel oil is difficult to ignite, and therefore the air temperature 
in the combustion chamber must be higher than in the gasoline 
engine to generate sufficient heat to fire the fuel charge. In 
the carburetor engine, on the other hand, the fuel is introduced 
into the cylinder during the intake stroke. In order to avoid 
spontaneous and uncontrolled ignition in the gasoline engine, 
it is necessary to keep the temperature and, consequently, the 
compression ratio relatively low. In the carburetor engine, 
the heating of the fuel is objectionable, but in Diesel engines 
it is very desirable. 

Fuel mixing in the Diesel engine. Obviously the heating of 
the fuel is a question of temperature, but it must not be over¬ 
looked that it is also always a question of time. In a carburetor 
engine the fuel picks up heat from the walls of the combustion 
chamber, the fuel being exposed to the heat of compression 
during the whole of the compression stroke. The factor that 
limits the output of an engine of a given size is the air it will 
pump. It is possible to supply almost an unlimited quantity 
of fuel to an engine, but the amount of the air supply to the 
cylinder is limited by the swept volume, unless supercharged. 
It is necessary therefore to make the best possible use of the 
air. In the carburetor engine, the fuel is supplied to the cylinder 
during the suction stroke and there is sufficient time to mix the 
fuel with the air, evaporating or vaporizing it thoroughly, so 
that at the end of the compression stroke there is a homogeneous 
gas mixture ready to be ignited. When the spark ignites this 
mixture, one of the most efficient processes of combustion 
known to science occurs. In the Diesel engine, however, the 
mixing of the fuel with air is rather a difficult problem. Mucli 
of the development work on the modern Diesel engine has been 
concentrated on the solution of this problem. In fact, it is two 
problems, and it is the purpose here to show how the designer 
of engines sets about to accomplish the solutions to the fuel¬ 
mixing problem in tlie Diesel engine. A restatement of the 
fundamentals shows just what the two problems involve: 

1. The fuel must be measured accurately and evenly over 
long periods of operation, and injected in small quantities into 
the various cylinders during their working stroke, with as great 
reliability and flexibility of range of operation as possible. 

2. The fuel must be prepared before injection, so that when 
it is injected, the charge enters the combustion chamber already 
prepared so far as mechanically possible to mix with the air for 
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rapid and complete combustion; otherwise, it is not possible to 
obtain perfect ignition and burning of the fuel in the Diesel 
engine. It is necessary that the injected fuel be evenly dis¬ 
tributed throughout the whole air charge in the combustion 
space as quickly as possible. In order to obtain this distribution 
designers have formed the combustion chamber so as to suit 
the shape of the spray. The air charge has been given a rota¬ 
tional, whirling, or turbulent motion, requiring the use of various 
kinds of combustion chambers. 

It is a well-known fact, however, that the Diesel engine does 
not utilize the air very successfully, or efficiently, and for most 
designs, it is necessary to supply a considerable amount of excess 
air. There are two factors that control the mixing of the fuel 
with the air. One is space, the other is the time available for 
the mixing process. The first factor, space, is usually well 
taken care of in most engines. The matter of time, however, 
cannot be taken care of so easily, for in the Diesel engine, it is 
necessary that the fuel be burned immediately or as soon as 
possible after it comes in contact with the air in the combustion 
chamber. 

Only the first fuel injected comes in contact with absolutely 
fresh air. The fuel thereafter has to be injected through air 
and also products of combustion where the air has already been 
utilized. This brings about a condition wherein some parts of 
the combustion chamber contain more fuel in a given space 
than can be burned without smoke, owing to insufficient oxygen, 
whereas in other parts of the chamber there is a surplus of air 
that cannot be reached by the fuel and utilized, except by the 
use of multiple-hole nozzles. To solve this problem, designers, 
instead of bringing the fuel to the air, bring the air to the fuel by 
various methods by which a whirling motion is imparted to 
the air flow, creating turbulence, as already shown. 

Object of designs of combustion chambers. The object 
of most designs of combustion chambers is to create turbulence, 
so easily attained in the air injection engine having a simple 
disc-type combustion space, and to bring about the high degree 
of vaporization attained in the air injection engine. When this 
degree of vaporization can be realized by the design of the 
combustion chamber or by any method of preparing the fuel for 
ignition, rather than depending upon extremely high injection 
pressures, the designer has attained a great measure of success 
with his design. 
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The result of turbulence and fuel-mixing methods is the 
increase of the rate of heat transfer between the air in the cham¬ 
ber and the atomized fuel by virtue of the violent agitation that 
promotes more intimate mixing of the cylinder contents during 
the injection and ignition periods. Either turbulence or high 
injection pressure through multiple-hole nozzles is required to 
prevent a fuel fog from stagnating around the tip of the spray 
orifice, thus leaving the remaining parts of the combustion air 
without fuel saturation; a condition that retards the speed of 
combustion or flame propagation, which should take place 
throughout the combustion chamber uniformly. This delay of 
the combustion process produces after-burning in the Diesel, 
and lowers to a great extent the effective capacity of the engine. 
Maintenance trouble and high repair cost may result; hence 
after-burning must be prevented if the engine is to be com¬ 
mercially successful. 

The principal method of bringing about a more intimate 
mixture of fuel and air is the use of the precombustion chamber, 
or a preignition chamber. In the chamber, fuel is injected into 
the space inserted in the cylinder head, from which it is blown 
into the main combustion space, directly over tlie piston, by 
initial pressure caused by partial combustion of the fuel before 
its entrance into the main combustion chamber. The space in 
some precombustion chambers is closed almost entirely by being 
connected with the main cylinder space by one or more small 
holes. Many precombustion chambers of this type consist of a 
cavity, usually in the cylinder head, sometimes in the cylinder, 
having a volume approximately 30 per cent of the total clearance 
volume. The advancing piston forces the air into this chamber, 
where it meets the oil spraying in from the fuel injector. The 
heat vaporizes the fuel, mixes it with the air, and ignites it, 
whereupon complete ignition occurs when it is forced out into 
the main combustion space above the piston into sufficient 
additional air to complete the process. These various devices 
for preparing the fuel charge before ignition are different in 
purpose and are called turbulence chambers, preignition cham¬ 
bers, chambers with air cell, combined turbulence and precom- 
l)Ustion chambers, and so on. 

The preignition chamber has several functions: 

1. To foster and direct the initiating of ignition. 

2. To distribute and mix the fuel throughout the combustion 
air. 
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3. To aicl in putting the fuel in proper combustible form or 
condition by warming it, or supplying hot air, and thus aiding 
combustion and producing vaporization. The first two func¬ 
tions are fulfilled in all types of chambers of this class; the third 
function is performed by means of a special combination of the 
air chamber and the method of injection of the fuel, as will be 
explained. 

In one type of precombustion chamber, the fuel is fed into 
the neck of the chamber, the chief function being that of fuel 
atomization and distribution. The air, trapped in the ante¬ 
chamber during compression together with gases from a small 
amount of combustion that occurs within the chamber neck, 
serves to spray the fuel injected at the midpoint of the chamber, 
similar to the effect produced by an air injection blast. Where 
the usual antechamber serves as a preignition or precombustion 
chamber, all the fuel is made to pass through the chamber. 
When the chamber is small and contains only sufficient air to 
burn part of the fuel injected into it, the resulting partial com- 
l)ustion l)lows the fuel out of the antechamber through holes or 
grids. This serves to produce rapid flame distribution of the 
unburned fuel throughout the main combustion space in a 
manner similar to that of a carburetor engine. Tlie more 
complete this vaporization in the precombustion chamber or 
air cell, the more successful and complete the final (combustion 
that follows. 

When the antechamber is large and serves as a vaporizer 
and ignition chamber for most of tlie fuel, it is essentially akin 
to the early designs known as the ^Miot-l)ulb engine. In this 
case the antechamber has a large neck and disccharges a large mass 
of flame, instead of a small mass as in the small-neck type, or 
small streams of flame as in the multiple-orifice type. 

Thus it is evident that the main problem, particularly with 
high-speed engines, is to provide ample time for injection, forma¬ 
tion of an inflammable mixture, and ignition before the piston 
has moved too far on its out-stroke, and without having ignition 
occur too early on the compression stroke. The greater tlie 
variation in rpm and the load, the more involved the problem. 
The time required for making the combustible mixture and the 
time lag of ignition depend in part upon the available heat and 
its temperature. It has been found by many designers to be 
desirable to create what is called a pilot quantity of fuel vaporiza¬ 
tion in order to reduce tlie time lag of ignition. This fuel 
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which makes possible much lower pressures without sacrificing 
good combustion, power, and economy. 

The fuel, leaving the nozzle and passing along the common 
center of two lobes, the latter formed under both valves, inlet 
and exhaust, and directly over the cylinder proper, passes 
through the hot compressed air that is generated in the compres¬ 
sion stroke, into major arid minor air chambers, or what are 
called energy chambers. The fuel mixture, fuel in conjunction 
with air picked up in the passage of the fuel through a venturi- 
type orifice, passes through the orifice and causes violent 
combustion upon its entry into the energy chambers. The aii- 



Fig. 5-11. Schomatic ilrawiiig of the Mat'k-Laiiova combustion system, 

fuel mixture that is ignited in these energy (jhamliers disf^liarges 
back violently into the iiiain chamber or combustion space 
above the piston, thus impinging on sinrh residual fuel sprays 
as are still leaving the nozzle or are in suspension. This counter¬ 
flow, backfire, or reversal of the contents of the combustion 
chamber sets up a violent turbulence, which is divided in such a 
manner as to create the right and left rotary motion in the lobe 
under each respective valve. This brings about what is called 
selj~induced turbulence, which thoroughly mixes all atomized 
fuel with its proper quantity of air. Combustion, being already 
under way, proceeds in the desired manner. This system of 
induced turbulence by internal means gives what has been long 
sought for in the solid injection engine, a substitute for air 
injection effect. It also produces accelerated burning and 
progressive rise in pressure by accelerating the end of the com- 
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bastion cycle instead of the beginning and thus more closely 
approaches the characteristics of the gasoline engine. 

The air-cell and organized turbulence. Another method of 
rotating violently the combustion air to obtain complete 



Fig. 5-12. An early design of the Lanova system. 


combustion, called organized combustion^ is shown in Figs. 5-13 
and 5-14. The combustion chamber is so designed that the 
throat connecting the spherical combustion cliamber with the 
cylinder is situated on one side of tlie sphere. As a result of 
combustion there is a natural rise in pressure in the cylinder, 
forcing the piston to descend on its working stroke. The 
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combustion chamber of the Comet engine, designed by Ricardo 
for the purpose of eliminating Diesel knock, employs tliis 
organized turbulence method by the use of the air cell. The 
chamber is of two-piece construction. The upper half of the 
cup is integral with the head; the lower half is of Hoskins 
metal and is held in place by a loosely threaded bronze lock 
ring. This construction provides* for good heat regulation at 

the cup and around the water- 
jacketed injector nozzle, and 
makes it possible to inspect 
the inside of the combustion 
chamber, as well as permit¬ 
ting the chamber throat to be 
operated at higher tempera¬ 
tures than otherwise would 
be feasible. 

The outside appearance of 
the combustion chamber is 
shown to be cylindrical and to 
have a flanged bottom. The 
inside of the combustion 
chamber is a spherical air cell. 
This is approached tangen¬ 
tially by a venturi-shaped 
throat that connects tlie en¬ 
gine cylinder with the combus¬ 
tion chaml)er. The working 
principles are as follows: 

1. The piston coming up 
on its compression stroke 
forces the air through the 
throat and into the spherical 
air cell where it is compressed 
to a pressure of approximately 550 psi. The clearance between 
the top of the piston and the cylinder head is between 0.040 and 
0.050 in.; therefore all the air in the cylinder except in this very 
narrow clearance space is forced into the relatively small com¬ 
bustion chamber and the throat leading to it. 

2. The tangential relation between the throat and the com¬ 
bustion chamber forces the air to swirl around the vertical axis 
of the combustion chamber; and, passing through the injector 
in this manner, the air sweeps the injector at all times. The 



Fig. 6-13. Century Comet Six 
(Waukesha) showing non-rockiiig, trun¬ 
cated cylinders, five-ring aluminum pis¬ 
ton, single-piece combustion chamber 
insert, pintle-type injector, and glow 
plug for cold-weather starting. More 
than 85 per cent of the intake air is 
compressed into the combustion chamber. 
This is after the Ricardo design. 
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heat loss through the tangential port due to high velocity air 
flow is reduced to some extent by fitting a heat-insulating hot 
plug. This contains not only the tangential port, but also the 
lower half of the spherical chamber. This hot plug also assists 
in reducing the delay period, thus giving smoother combustion. 

3. The high-speed swirling action of the air is the result of 
the chamber design. This swirling action makes sure that the 


injected fuel is mixed immedi¬ 
ately and intimately with the 
air, permitting high-speed op¬ 
eration, clear exhaust, and high 
power output. The speed of 
the swirling air is in direct pro¬ 
portion or relation to the speed 
of the engine, which, in itself, 
is a governing device for the 
period of combustion. The 
antecliamber is fitted with 
electric glow plugs for starting 
purposes when cold. 

Vaporizing precombustion 
chambers. The vaporizing 
precombustion or preignition 
chamber gives a violent tur¬ 
bulence and intimate mixture 
of fuel and air in botli the 
antechamber and cylinder. 
The engine thus works effi¬ 
ciently with a weak air mixture, 
that is, with an excess of air, 
and the exhaust is smokeless. 

Positive ignition at all loads 
and speeds is accomplished by 



Fig. 5-14. Silver Comet Cylinder 
and combustion chamber in section 
view, showing the wet-sleeve liner, 
five-ring aluminum piston, single-piece 
combustion chamber insert, pintle-type 
injector, and glow-plug for cold-weather 
starting. 


always burning the same amount of fuel in the combustion 


chamber and thus maintaining a high temperature. The 
radiating surface is so limited that an adequate temperature is 
available at all times for positive ignition. It provides for 
preparing the fuel for final combustion by partially burning it 
in the precombustion chamber. When the fuel injection valve 
sprays the fuel into the precombustion chamber in the form of a 
mist, the highly heated air causes a small portion of the fuel to 
ignite. As the injection continues, the fuel is enveloped by 
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flame, the entire mass becomes gaseous, and, by virtue of the 
high pressures developed, rushes at high velocity into the main 
cylinder, where further combustion occurs. Expansion then 
takes place and the rest of the fuel injected is changed into a 
rich, dry mixture^ passing on into the main combustion chamber 
at high velocity. A high turbulence is created in the cylinder 
combustion space, causing the gaseous fuel to become thoroughly 
mixed with the oxygen from the incoming air, the condition 
desired for complete combustion. 

The antechamber can be so designed as to have a higher 
temperature than could be allowed for the main combustion 
chamber and cylinder walls. For variable loads, the volume 
of the combustion chamber of the antechamber type can be 
designed for the combustion of a somewhat constant volume of 
fuel, which tends to maintain a constant temperature. This 
is accomplished by making the volume of the antechamber 
smaller, small enough so that at idling speeds all the fuel charge 
will not be burned, because of lack of oxygen. Heating and 
cooling depend on time and, with a variable speed, care is neces¬ 
sary to control the temperature. 

Positive pressure precombustion chambers. Instead of 
using the pressure rise, resulting from partial initial combustion 
within the antechamber or air cell, to force the fuel out, another 
type of chamber (Cummins) employs cam-actuated plungers to 
displace the fuel from the chamber into the cylinder space. 
The plunger is described as moving outward during the suction 
stroke of the engine, the fuel being sucked into the small space 
under the end of the plunger, and thus the fuel, air, and vapor 
being forced into the main cylinder space. Two conical cups 
are used with the plunger seated on the inner cup by the action 
of the cam. A fluted projection on the inner cup causes a 
thin space to be left between the two cups, the fuel being deliv¬ 
ered to this space through small spring-loaded ball check valves. 
The fuel is then sucked into tlue flutes by the upward movement 
of the plunger. The backflow or return of fuel during the 
injection stroke is prevented by a check valve. The fuel is 
ejected into the cylinder through fine orifices drilled in the outer 
cup. It is evident that the thin walls are subject to high 
temperature, with the fuel remaining in the cups a considerable 
time, which condition undoubtedly results in vaporization while 
the fuel is under the plunger. This plunger also sucks in some 
air from the working cylinder during the compression stroke of 
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the piston. When injection begins, the liquid fuel standing in 
the lower part of the cup is the first to be expelled, while at the 
end of the process, the discharge of air and vapor evidently 
sweeps the orifices dry and protects them from incrustation of 



(c) (d) 


Fia. 5-15. Cumin ins Diosol injtMrior operation, (a) Fuel cheek valve open. 
Plunger moving up and fuel entering plunger chamber, (b) Plunger at. top posi¬ 
tion. Ch(M‘k valve closed. Correct amount of fuel in plunger chamber, hot air 
from compression being fort^nl through fuel charge, (c) Plunger moving down, 
driving gasified fuel (charge into combustion chamber, (d) Plunger ‘seated and 
injection finished. 

carbon that would result if the oil were not completely dispelled 
at each stroke. 

As sliown in Fig. 5-15, after the pump has measured the 
proper fuel charge and delivered it to the injectors, the fuel is 
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preheated or warmed by circulating through the preheating 
chambers in the end of the injector before entering the precom¬ 
bustion chamber. It is then forced into the injector at a point 
directly above the nozzle, and on the compression stroke it is 
further gasified. Then, with the piston near top center, the 
plunger is suddenly depressed by the proper cam action, driving 
this preheated charge of gaseous vapor back through the nozzle 
into the combustion chamber, where ignition takes place. 

Mechanism of fuel systems and preparation of fuel for com¬ 
bustion. The principal methods of combustion and the way 
by which the fuel is mixed with the air in the combustion cham¬ 
ber by means of the design of the combustion chamber and the 
air intake system having been outlined, a study will now be 
made of the combustion process and how it is brought about by 
means of the spray nozzle and fuel pump acting together as a 
high-pressure hydraulic unit, and of its function of deliver¬ 
ing the fuel from the supply tank directly into the engine 
cylinder. 

It has been shown how the fuel is thoroughly atomized as it 
is projected into the air charge, which has already attained a 
temperature above that of the fueFs ignition point, at which it is 
ignited and burned according to the Diesel principle of com¬ 
bustion. Upon injection into this air, each globule of fuel at 
once absorbs heat from the surrounding air. These minute 
particles of fuel, traveling tJirough the dense compressed air 
charge, begin to vaporize as soon as the boiling point is reached. 
When the compression temperature is sufficiently above the 
ignition point of the fuel, the vapors thus formed will ignite 
immediately and the fuel charge burn uniformly, the ignition 
commencing from the surface of the droplets as vapor is formed. 

In the event that the compression temperature is too low for 
instantaneous ignition of the fuel vapor, the fuel will continue to 
accumulate until the ignition eventually occurs. 

Temperatures and pressujes during injection. A diagram 
of pressures and temperatures occurring during the injection 
process is shown in Fig. 5-16. When the fuel vapor mixes with 
the air under the conditions outlined and forms the combustible 
mixture, it will burn at a faster rate when it eventually ignites 
than if the ignition began sooner. In the latter event there is a 
strong tendency for the combustion of the entire fuel charge to 
occur spontaneously throughout the whole of the combustion 
chamber, with the result that the pressure rise will be very rapid. 
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When this pressure rise is excessive in value, a very definite 
detonation occurs, which is called ‘^Diesel knock.’' 

Three stages of combustion. Actual indicator cards have 
been studied by such well-known designers as Ricardo of Eng¬ 
land, who suggested an explanation of the combustion process 
that is now generally accepted in principle. lie defined the 
combustion process as consisting of three definite and distinct 
stages during the period of fuel injection. Visualizing the 
conditions occurring in the cylinder during this interval as 
indicated in Fig. 5-16, we can examine Fig. 5-17, designed to 
illustrate the three stages of comhustion. 

1, First stage of comhistion. The first stage of combustion is 
known as an initial delay period and referred to as ignition lag 
in Diesel engine literature. It is during this period that fuel is 
being injected, but no ignition occurs. The length of this 
period is extremely important, and the shorter it can be made, 
the more satisfactory is the operation of the engine. Ignition 
does not begin until some minute portions of the fuel droplets are 
vaporized and mixed with sufficient oxygen to form a com¬ 
bustible mixture, and the temperature must be sufficient also. 
It is supposed that, once the ignition commences, tlie flame 
spreads from the nuclear points in a manner similar to that in 
the spark ignition engine. 

This delay period is constant in terms of time rather than 
degrees of crank angle, but a great deal depends upon the 
chemical nature of the fuel, the pressure of the highly com¬ 
pressed air, and the degree of atomization of the fuel as it mixes 
with the air. Temperatures, injection pressures, and the degree 
of turbulence attained by the air during the injection period 
have a marked influence on ignition lag. In general, it is 
intended that the fuel should begin to burn as it arrives; while 
this is almost impossible to expect, engineers have by various 
means been able to shorten the period of ignition lag. 

2. Second stage of combustion. The second stage of combus¬ 
tion is the period of rapid ignition that results from the 
spontaneous spread of the flame (the beginning of which ended 
the first stage) to the main area of the combustion space. As is 
the case with the gasoline engine, this rate of flame spread and, 
conseqxiently, the rate of pressure rise are dependent upon 
turbulence and other factors. This rate of pressure rise is 
constant in terms of crank angle rather than time as is true of 
ignition lag, or tlie first phase of injection. 



Ch. 5] 


THE FUEL-MIXiNG PROBLEMS 


163 


The second phase of combustion has been modified con¬ 
siderably by turbulence, as already pointed out, and in this 
respect differs significantly from the gasoline engine, for, in 
the gasoline engine, all the fuel is in the combustion chamber 
already mixed with the air, whereas in the Diesel engine only a 
portion of the fuel so far has been injected and prepared for 
ignition by mixing. It is for this reason that the pressure, 
although its rate of rise is of the same order as that of the gasoline 
engine with similar turbulence, does not attain anything like the 
same maximum value it would were sufficient fuel present in 
the combustion space at this time to combine with all the oxygen 
in the charge. 

For this reason maximum combustion pressures in the Diesel 
engine should be relatively higher than in the gasoline engine, 
and it can now be understood that the pressure rise reached at 
the end of this second phase of the combustion process depends 
upon tlie duration of the delay period, or ignition lag, which is 
influen(*ed by engine speed, the rate of injection, tlie timing of 
injection, and finally upon both the temperature and pressure of 
the compressed air charge. 

S, Third stage of combustion. The third stage of combustion 
is a period during which the remaining fuel is injected and burns 
as it enters tlie comliustion chamber already containing the 
burning gases at high temperature and at an advanced stage of 
combustion. Wlien tliis burning of the remaining fuel occurs, 
the flame spreads throughout the comlnistion chamber and the 
ensuing increase in pressure and temperature is so great that 
the rate of combustion is accelerated sufficiently to burn the 
fuel with practically no ignition delay as it comes from the 
injection nozzle. A further rise in pressure then occurs, reach¬ 
ing a peak, or the conditions are such as to maintain a constant 
pressure during the remainder of the injection and combustion 
period. It is evident that this last period or phase of burning is 
under direct control of the mechanical operation of the fuel 
system. These three phases or stages, as shown in Fig. 5-17, 
are marked off on the curve, the dotted line corresponding to 
the expansion line if no fuel were injected. According to the 
law of perfect gases, assuming no heat losses to the cylinder 
walls, this curve would be a looking-glass reproduction of the 
compression curve, or what is known as adiabatic expansion. 

Elements of fuel injection. The fuel pump and spray nozzle 
must perform the important functions involved in the process 
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of injection. These units replace the carburetor and the spark 
plug in the gasoline engine. It can be seen that the operation 
of the fuel pump during injection of the fuel takes place within a 
few thousandths of a second. During this brief interval of 
time the pump must build up a pressure of several thousand 
pounds per square inch, discharge the fuel over several degrees 
of crank angle, return to a state of rest, and be ready to make 
the next stroke. Under a pressure which may vary from 1500 
to 10,000 psi, accurately controlled and measured quantities of 
fuel, so small in some engines that practically no leakage is 
permissible, must be delivered in such a short interval of time 
that a few degrees of variation at the beginning of injection and 
cutoff will affect seriously the operation of the engine and its 
economy. 

In order to visualize this operation of the fuel pump as to 
pressures, time of injection, and its relation to combustion 
efficiency, examine Fig. 5-18. As shown, the pressure rises from 



zero to the pressure required for proper atomization and pene¬ 
tration of tlie fuel charge at a very rapid rate and falls back or 
cuts off quickly enough to prevent drip of fuel after injection is 
finished. It is evident that these mechanical requirements 
imposed upon the injection pump require that this mechanical 
device be accurately constructed according to high standards of 
precision. The fuel injection pump is a volume-changing 
device, designed to perform two important functions of measur¬ 
ing the fuel and delivering it to the injection nozzle under high 
pressure sufficient to force it through the spray valve with suf¬ 
ficient velocity to atomize the fuel. It is obvious that these two 
functions of the fuel injection pump are possible only if the 
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pump has the following characteristics of design and operation: 

1. The fuel injection unit, comprising the pump and spray 
nozzle, must be able to introduce fuel into the combustion 
chamber in a finely divided or atomized state, suitable for rapid 
burning and easy ignition. 

2. It must be able to spread the atomized fuel into the cham¬ 
ber in such a manner that it will mix intimately with the air 
for combustion. 

A careful distinction should be made here between a thor¬ 
oughly vaporized mixture and an atomized mixture. The fuel 
mixture of the gasoline engine is a complete vapor, the gasoline 
having (^hanged from a liquid to a gas. This is not the case 
with the Diesel fuel charge. The Diesel fuel is atomized 
through the spray nozzle into finely divided droplets, or globules, 
l)ut it is still in a liquid state. These droplets l)egin to vaporize 
when heated, and ignition commences from the surface of the 
globules. Tiie Diesel engine injection system does not convert 
the Diesel fuel charge into a perfect vapor but depends upon 
various conditions in the combustion chamber to accomplish 
this purpose. Even with gas fuel in a Diesel engine, a pilot 
quantity of fuel oil is injected with the charge of gas to furnish 
the initial ignition and insure its reliability. 

The fuel injection unit must be capable of controlling both 
the timing and the rate of admission of the fuel so that no 
undesirable peak pressures will be produced during the combus¬ 
tion period. 

The two principal methods of fuel injection now used on the 
Diesel engine are known as the jerk-pump system and tlie 
common-rail system, already referred to. The jerk-pump 
system introduces the fuel through spring-loaded automatic 
injection valves or nozzles by means of an individual pump for 
each cylinder. This system is sometimes called the timed 
pump as opposed to the time valve of the common-rail systenn 

Since the jerk-pump system is more generally used, this 
system will be described more in detail. The timing is effected 
by the pump, which delivers the fuel to the injection nozzle 
only during the injection period. In Fig. 5-19 is shown the 
essential features of design of the modern jerk pump. It is 
operated by an engine driven cam, the setting of which controls 
the timing and the metering, or measuring, of the fuel. The 
differential needle atomizer, or injection valve as it is commonly 
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called, shown at the right in Fig. 5-19, definitely controls the 
beginning and the end of injection by means of its spring-loaded 
needle. It is hydraulically operated, that is, by means of the 
pressure built up by the pump. The parts of the pump are 
indicated. As shown in the pressure-time diagram. Fig. 5-18, 

the ideal pressure require¬ 
ments for the jerk-pump 
system are low initial 
rates of injection with 
increasing rates until the 
maximum is reached at 
the time injection ceases 
at cutoff. 

The ideal pressure¬ 
time diagram is a close 
approximation of that 
obtained by the indica¬ 
tor. The pressure in the 
pump working barrel be¬ 
gins to rise upon tlie seat¬ 
ing of the suction valve 
or the closing of the suc¬ 
tion port at A, Fig. 5-18. 
At B, the pressure in the 
pump chamber has risen 
to equal that of the fuel 
remaining in the delivery 
line from the last cycle of 
the pump, the delivery valve then lifting off its seat. This 
pressure then begins to rise further until the atomizer valve 
lifts at C, where injection begins. The pressure then continues 
to rise to point D, when the cutoff valve operates to relieve the 
pressure that declines to a value lower than the closing pressure 
of the springs in the injection spray nozzle, thus giving a sharp 
cutoff of the injection. 

There are many variations of the jerk-pump system; the 
principal classifications are: 

1. Part of Plunger Stroke Used 

A. Start fixed end of stroke by-passed 

(1) Valve type 

(2) Port type 



Fig. 5-19. The Dorner fuel pump shown at 
the left is a variable-stroke pump with constant- 
throw cam. The enlarged construction draw¬ 
ing at the right shows details of the injection 
valve. (1) Injection valve; (2) enlarged section 
of injection valve; (3) pump; (4) nozzle; 
(5) ballchecks; (6) pump control linkage; (7) 
cam. 
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B. Start and end of stroke by-passed 

(1) Valve type 

(2) Port type 

2. Whole or plunger stroke used: 

A. Variable rate of plunger life 

(1) Guiberson 

(2) Dorner 

B. Variable plunger clearance 
(1) Numerous variations 

3. Spring injection 


An advantage of the jerk-pump system is that the method 
of distribution renders it less difficult to supply the correct 
amount or volume of fuel to each cylindei* although the speed 


of the pump is greater than 
when the common-rail sys¬ 
tem is employed. 

Classes of fuel pumps. 
The jerk pump that uti¬ 
lizes the entire stroke of 
the plunger or the fuel 
pump is open to certain 
objections that do not ex¬ 
ist when only a portion of 
the stroke of the plunger 
is used. In this first in¬ 
stance, the plunger must 
start and stop at the be¬ 
ginning and the end, re¬ 
spectively, of each of its 
strokes; the initial and 
final deliveries must be 
relatively slow. The slow 
final delivery usually is a 
drawback on the high¬ 
speed engines, for it is 
most essential to have 
quick cutoff in order to 
produce a rapid combus- 


© 



Fig. 5-20. Two methods of regulating fuel 
delivery from a pump. That at the left has 
a variable profile cam that varies the plunger 
stroke. The pump shown at the right is 
provided with a netxile valve that permits 
regulation of the by-pass and therefore pro¬ 
vides for changing the net delivery of the 
pump. (1) Fuel inlet; (2) fuel to injector; 
(3) pump body; (4) plunger; (5) pump 
cylinder spring; (6) cam follower; (7) variables 
profile cam; (8) needle valve control; (9) out¬ 
let check; (10) inlet check; (11) plunger 
return spring; (12) cam roller; (13) cam. 


tion with low peak pressures; the nozzle should not dribble, as 
it does with slow cutoff. 
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A well-known fuel pump is provided with a variable amount 
of lift by altering mechanically the clearance between the 
plunger and its operating (*.am. In this instance the suction 
and discharge delivery valves are both automatic, and this type 
of pump is known as the variable-stroke pump. There is a 
disadvantage, however, to tliis method in that the load is 
decreased by reducing the amount of lift of the plunger, which 
retards the timing of the injection to a certain extent unless the 
pump is designed to prevent it. It is desirable actually to 
advance the timing under light loads. However, in one fuel 

pump of well-known 
design {Guiberson)^ an 
automatic control to 
advance or retard the 
cam on its shaft for 
light and full-load con¬ 
ditions has been devel¬ 
oped. When only part 
of the stroke of the 
pump is used for injec¬ 
tion, the disadvantage 
of the full-stroke 
method is avoided. 
In other instances, 
pumps cut off at the 
stop end only. Such a 
type of cutoff is suit¬ 
able for medium-speed 
engines. For high¬ 
speed work, it is desir¬ 
able that both ends of the stroke be cut off, the central portion 
only being used to give the injection a high velocity throughout 
the injection period. In this instance, the plunger has a much 
l)etter uniform motion over as much as possible of its stroke. 
The start of the injection is controlled by closing the pump port; 
the end of the injection is controlled by opening a control port 
in the pump barrel. With this type of control, a piston valve is 
used that overruns a port cut in the pump cylinder, or guide. 
The piston valve may be either the plunger itself, or a special 
piston valve. The port is usually in the form of a round hole 
drilled in the guide. When the pump valves are thus con¬ 
trolled, they usually are operated from the camshaft by means 



PIN 

ROLLER 


Fia 5-21. ()th(*r methods of regulating fuel 

pump delivtuy. These pumps have a by-pass 
regulation. That shown at the left has a valve 
that (;an be tripped at any desired point in the 
plunger stroke. The design at the right has a 
sloping groove in the plunger. 
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of rocker arms or a rocking 
lever. An essential feature 
of the mechanism is that it 
must be kept absolutely 
rigid; otherwise there will be 
a variation in the timing and 
metering of the fuel to the 
nozzle. 

It is therefore evident 
that the fundamental factors 
in the design of the pump 
are the means employed for 
controlling the quantity of 
the fuel and tlie timing of 
its injection. There are two 
methods of doing this, as 
shown in Fig. 5-20. In one 
of these, two different means 
are employed: 



Fig. 5-22. The Palmer Marine Diesel, 
vertical cross section through a patented 
cylinder head illustrating the tangential 
injection of the fuel into the combustion 
chamber. The exhaust and air intake 
valves are arranged horizontally. 


1. A sliding cam that varies the lift of the plunger, thus 
shortening its stroke. The cam has a suitably varied out¬ 
line that may be set to any degree of variation that suits the 
designer’s purpose. 


2. Needle valve regulation. Part 



Fig. 5-23. Section through the cylinder 
head, showing the combustion chamber with air 
cell and valv(‘ used when starting. 


of the fuel entrapped in 
the pump during the 
working stroke of the 
plunger is permitted to 
escape througli a by-pass 
to the fuel intake of the 
pump. The quantity 
by-passed and therefore 
the amount of fuel per¬ 
mitted to reach the noz¬ 
zle, is regulated by means 
of a throttling pin or 
needle. 

The other method is 
to have a by-pass port 
open after the plunger 
has traveled a definite 
distance, the port being 
in connection with the 
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fuel intake line.. In practice this is accomplished by open¬ 
ing a special by-pass valve, or the inlet valve of the pump 
itself, for a longer or shorter period before the end of the 
working stroke of the plunger, as shown in Fig., 5-21. Pumps 
without suction valves, in which the piston or plunger itself 
controls tlie intake port, have a slanting groove in either the pis¬ 
ton or the piston sleeve, and this groove registers with the 
opening in the piston sleeve or the piston earlier or later in the 



O ' • 



Fia. 5-24. I Aploilenl view of fuel pump and iiijeetor for Ileiidy (Series 20) engiru*. 

wojkiiig stroke, acc'ordinp; to the relative load. Thus it can 
he seen that with an engine operating at 2000 rpm, the injection 
period being but 20 to 30 deg of the crank takes place in approx¬ 
imately 0.002 sec. 

The cpiant ity of fuel injected per stroke of the fuel pump for a 
50 hp engine is of the order of 0.004 to 0.05 cu in. at normal 
loads, and 0.001 to 0.002 cu in. at light loads. Fuel is injected 
through the .spray nozzle for the purpose of atomizing it, the 
nozzle ha\’ing orifices varying from 0.008 to 0.045 in. in diametei-. 
The length of these holes is approximately 0.02 to 0.04 in. 
The injection pressures may vary over a wide range, with some 
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as high as 10,000 psi, but usually for practical purposes in com¬ 
mercial engines from 1200 to 3000 psi. 

It is obvious therefore that the fuel inje(^tion unit of the 
Diesel engine deserves careful study and complete understand¬ 
ing by the operating man. Understanding these elements of 



DLGKtt 90 80 70 60 50 40 30 20 10 TOP CENTER 


POSITION OF CRANK ANGLE REUTIVE TO TOP CENTER 

Fk;. 5-25. Chart ilhistratiiig air vehx^ity in the combustion (jhainbcr with respect. 

to piston position. 

the fuel injection syKstem and what they are designed to accom- 
plisli is the first step toward learning the operation of the Diesel 
engine. 


QUESTIONS 

1. Wliat is the function of turbulence during the compression 
stroke? 

2. In what designs is turbuleiK^e created before the fuel is in¬ 
jected? 

3. What features do all combustion systems have in common? 

4. What system provides the highest mean effective pressure? 

5. What feature of the precombustion chamber restricts tlie effi¬ 
ciency of heat utilization and mean effective i>ressur(?s? 

6. What effect do the inert gases trapped in the pre(;ombustion 
chamber have on volumetric efficiency? 

7. What are the advantages of the precombustion chamber? 

8. What are the three major groups of <^hambers? 
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9. Are multiple-orifice injection nozzles used with open or single 
(combustion chambers, or with precombustion chambers? 

10. What is controlled turbulence? 

11. Did Ricardo\s design employ a multiple-orifice, or a single fuel 
jet for the injection of the fuel? 

12. What are the disadvantages and advantages respectively of l.he 
imiltiple-orifi(ce and single-hole orifice injection nozzles? 

13. In what class of engines is good idling essential and what tyf)es 
of (combustion chambers are usually \ised in such engines? 

14. In what type of combustion chamber is there the least heat 
loss? 

15. What type of combustion chamber may be started with lower 
compression pressures? 

16. What are the two positions for locating the fuel injection noz¬ 
zles? 

17. Why is the heating of the fuel objectionable in the gasoline 
engine and desirable in the Diesel engine? 

18. Why does the amount of air pumped limit the output of the 
Diesel? 

19. What two problems are involved in the fuel-mixing process? 

20. A delay of the combustion process produces after-burning in 
the Diesel engine? What causes the delay? 

21. What is the result of after-burning? 

22. Upon what does the time lag of ignition and the delay of com¬ 
bustion depend? 

23. D(jes a partial ignition occur in some prec.ombustion cham¬ 
bers? In what type? 

24. How does the Laiiova system of combustion ^‘controU^ the 
turbulence? 

25. Why is the method of rotating the combustion air to obtain 
complete combustion called ^‘organized combustion’^ in the Ricardo 
Comet type of chamber? 

26. Why does the fuel start burning from the ‘^surface of the drop¬ 
lets”? 

27. Who named the so-called “three stages of combustion”? 

28. In what stage does ignition delay occur? 

29. Is the delay period constant in terms of time or degrees of 
crank angle? 
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30. By what means have the designers been able to shorten the 
period of ignition lag? 

31. Is the rate of pressure rise during the second phase of combus¬ 
tion constant in terms of crank angle or time as is ignition lag iri the 
first stage of combustion? 

32. Does *‘delay period’’ mean the same as “ignition lag”? 

33. What is the difference between a vaporized mixture and an 
atomized mixture? 

34. When does the fuel in the Diesel engine commence to vaporizer 
and how does vaporization start? 

35. Does the Diesel convert the spray into a perfect vapor, or just 
an atomized spray consisting of minute droplets or globules? 

36. Name the classes of timed-pump injection systems. 

37. What are the two means of controlling the quantity of fuel 
injected, and the timing of the injection? 

38. In the variable-stroke fuel pump, are the suction and discharge 
valves both automatic? 

39. What is the advantage of a quick cutoff of the fuel pump? 

40. What objections to the use of the entire stroke of the plunger 
in constant-stroke pumps do not apply when only a portion of the 
stroke of the plunger is used? 

41. Which combustion-chamber types would be preferred for: 
(a) Power output? (b) Fuel economy? (c) Ease of starting? (d) 
Speed flexibility? ((;) Smoothness of combustion? 

42. The divided (combustion chamber is harder to start because of 
what? 

43. What happens if the fuel is burned with no excess air in a gaso¬ 
line engine? In a Diesel engine? 

44. What are three effective methods of increasing the output of a 
given displacement Diesel engine? 

45. What type of combustion chamber is most efficiently scav¬ 
enged? 

46. How does the preignition chamber help to improve the com¬ 
bustion of the fuel? Does it have a higher temperature than the main 
combustion chamber walls? 

47. What effect can the preignition chamber have on the time lag 
of ignition? Does it create a pilot quantity of fuel vaporization that 
\vill reduce the time lag of ignition? 
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48. What is the function of the larger antechamber? Does it 
serve as a vaporizer and ignition chamber in the same way that a 
smaller preignition chamber or air-cell chamber does? 

49. What is the function and principle of the small antechamber? 
Does it contain sufficient air to burn the fuel injected into it or only 
part of it? 

50. When the neck of the chamber is made small, how does this aid 
in mixing the fuel? Does the air trapped in the chamber during com¬ 
pression receive fuel and initiate the ignition? 

51. What are the general functions of the antechamber types? 

52. Are antechambers, or precombustion chambers, better suited 
to giving flexibility? Why? 

53. Is there more or less heat loss in the antechamber than in the 
open combustion chamber? 

54. In what design of combustion chamber is better or higher mean 
effective pressure realized? Why? 

55. Is the antechaml)er as well scavenged as the o|xm chamber? 

56. What design affords (*asier starting when cold? 

57. Is the sui’face to volume i*aiio gn^ater for the antechamber than 
for the open combustion chamber? 

58. Whi(*h class of (diambers is better suited to the burning of 
heavier fuels? Whicdi design will more nearly burn up the residues? 

59. Which type of chamber more nearly takes care of the heat 
changes due to variations in mean effective pressures? Is the best 
heat regulation related to better scavenging of the open combustion 
chamber? 

60. Can the path and characteristics of turbulence from a pre¬ 
ignition chamber be A^aried as much and as easily as with single com¬ 
bustion chambers of the open design? 

61. What (4iamber design is l)etter suited for the regulated vari¬ 
ation of the fuel discharge during injection? 

62. What is the chief disadvantage to the two-stag(i combustion 
process? 

63. Does the reduction of engine size limit permissible design fea¬ 
tures that have been a benefit on larger engines? 

64. What chamber types give higher cyclic efficiency? Greater 
ratio of expansion? Higher (wlinder output and efficiency? 

65. What fun(*tions are performed by the precombustion chaml>er 
and main chamber that cannot be performed by the single, open com¬ 
bustion chamber? 
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66. What supplementary features may l)e necessary in order to 
obtain flexibility from the single combustion chambers? 

67. What are the three states of combustion? Who was Ricardo? 

68. Why is it desirable to have the fuel spray uniform? 

69. What effect has the fuel inje(!tion piessure on the size of the 
droplets? 

70. What other factors determine the droplet size? 



CHAPTER 6 


BASIC MAINTENANCE PROBLEMS 


Introduction. Procedures for teardown inspection, repaii- 
and cleaning, and reassembly of the engine apply to both station¬ 
ary and marine engines. A record of all work done, including a 
log of all measurements and adjustments, should be written. 
The purpose is to aid the operator and maintenance man in 
working out his own procedure for the upkeep and overhaul 
of his own engine. 

It matters little how simple or complicated the program may 
be, the responsibility for repairs must be vested in some person 
or persons who are able and willing to undertake it. 

Attitude toward maintenance. There seems to be two 
schools of thought relative to maintenance of engines and other 
machinery. One group advocates the repair and overliaiil of 
engines if and when they will no longer run. The engines are 
allowed to run without a program of systematic inspection and 
rehabilitation. This view is known as the fix it when it quits’’ 
practice. This practice has largely been supplanted by syste¬ 
matic and well-planned programs, sometimes referred to as 
'^preventive maintenance.” What it really prevents is a dis¬ 
aster to the engine when things are neglected too long. It’s a 
stitch in time. 

The objections to a "hit or muss” program for maintenance 
are obvious. Regardless of how effective and elaborate the 
other features of the program, it fails unless the actual work is 
carried out correctly and systematically. General rehabilitation 
of the engine parts periodically is well-established practice. 
Experience has shown that periodic inspection, adjustment, 
and repairs are the factors that contribute to ec^onomy, satis¬ 
factory operation, and dependable service. 
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Period between overhauls. When operating (conditions 
are fairly constant, the most economical operating period 
l)etween engine overliauls can be determiiu^d. The influence of 
operating conditions on overliaul time Ivas been indicatexL 
The following major factors are considered when determining 
the period of operation between major overhauls: 

1. Load factor and frequency of starting and stopping. 

2. Lubrication, fuel used, and climatic conditions. 

3. Practice in making cun^ent repairs and minor adjustments. 

4. The application and type of engine. 

The study of adequate records of operating conditions will 
indicate the proper periods between major overhauls. In 
some cases, it has been found that a period of 8000 to 10,000 
hr of operation for heavy-duty stationary engines in well- 
administrated power plants produces satisfactory results. A 
similar consideration of all available operating information will 
provide the basis for systematizing inspection periods for the 
major engines of a marine installation. This procedure of 
setting up a definite program for maintenance should be 
extended to other more frequent maintenance work on parts 
that need maintenance between major overhauls. Fuel pumps 
will produce better results if serviced at more frequent inter¬ 
vals. However, each individual maintenance operation should 
be put on a schedule, and a list for eacli set of conditions 
should be set up and followed as closely as judgment dictates. 

Standard procedure. A standard procedure is one of 
continued growth, improvision, and development. The last 
word on the subject canimt be given here. It would be an 
infinite task to detail the method to be followed on each repair 
job or inspection. However, standards are set up for major 
overhauls. A complete list of the inspections made during 
a period of major overhaul is included in Chapter 7 but not 
repair detail. Certain forms for reports of inspection and 
checking are included. 

The operator and maintenance engineer making the actual 
inspection should be provided with an outline covering each 
particular job. These outlines should be supplemented with 
specific instructions on the repair methods dealing with the 
more complicated jobs, such as checking crankshafts and other 
alignments, liner wear, clearance, valve adjustment, etc. An 
important contribution to this field of engine maintenance was 
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made by E. R. Spencer, Engineering Department, The Cooper- 
Bessemer Corporation, and published by the Petroleum Engi¬ 
neer^ to which the author is indebted for the outline of these 
topics. Some of these topics are discussed in Chapter 7. If 
such an outline is made for various types of equipment in a 
power plant, in the light of existing data and tempered by 
qualified experience, Spencer points out, its value is great, 
especially where a large number of engines are operating under 
one maintenance engineer or supervisor. It gives the supervisor 
of maintenance a definite standard to direct those who actually 
make the inspection and have the responsibility for the main¬ 
tenance and repair work. The wide variation of judgment 
among mechanics makes the use of such instructions a practical 
necessity if the maintenance work and program is to be carried 
out systematically and effectively. The assurance of complete 
and thorough inspection of the equipment will more than justify 
the work and effort involved. Tliis and the following chapters 
will indicate the use of such a standardized program to be 
followed in making inspections and repairs. Not all the 
details of each operation can be given here. In subsequent 
chapters, additional discussion of the details to cover major 
parts is presented for the purpose of assisting the maintenance 
man in adapting it to his own problems. 

Any supplementary information relative to tlie repair and 
maintenance of any particular unit of the equipment should 
be made available to the men having charge of the operation 
and maintenance. Standard adjustment information is particu¬ 
larly needed. The following list give some information relative 
to the wide range of topics that should be tabulated for informa¬ 
tion on any application: (1) back lash in gears, (2) side clearance 
in piston rings, (3) piston ring gap, (4) piston head clearance, 
(5) valve lift, (6) valve dimensions, (7) maximum and minimum 
temperatures, (8) compression and firing pressures, (9) operating 
speeds, (10) bearing clearance, (11) standard over and under 
sizes, and so on. 

A table of such information is given herewith (Table 6-1), 
showing the new and worn clearances, or wear limit for one 
engine. When examining this table and taking into account 
the larger number of different types of information needed, the 
considerable amount of data required to make the maintenance 
work effective is evident; yet the operator and the maintenance 
man must have this information, and must know how to use it. 
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Major top overhaul procedure. This includes a step-by-step 
operation for proper inspection: 

1. A routine inspection of the intake and exhaust valves 
must be carried out. The kind of fuel used and the load on 
the engine will influence the need for this inspection. 

2. Check the rocker arm bore for wear by inserting the 
fulcrum pin and then measuring the exact amount of wear by 
means of a feeler gauge. Excessive wear in fulcrum parts 
should be corrected either by new parts or by remachining the 

TABLK 6-1 

Dimensions, Clearances, and Wear I^imits 
Cooper-Ressemer Marine Diesel Knoine 


MAIN BEARINGS 

Shell to shaft clearance (new). .00h-.008 in. 

Shell to shaft clearance (niax. allowable worn). .012 in. 

Minimum allowable shell thickness (worn). .493 in. 

Thrust bearing end clearances (n(*w). .005-.007 in. 

Thrust bt^aring end clearance (max. allowabh^ worn ). .018 in. 

Wedge screw torque. 125# ft. 

No. 10 main brg. torque, nut, lower half. 350# ft. 

No. 10 main brg. torque, nut, upper half. 120-175# ft. 

CONNECTING ROD 

Shell to shaft clearance (new). .006-.008 in 

Shell to shaft clearances (max. allowable worn ). .012 in. 

Minimum allowable shell thickness (worn). .368 in. 

Oankpin diameter (new)... 7.498-7.500 in. 

Piston pin diamet(?r (new). 3.9965-3.9975 in. 

Minimum allowable piston pin diameter (worn). 3.992 in. 

Connecting rod bolt torque*. 140# ft. 

PISTON AND LINER 

Piston to liiKT clearance (n(*w) 

(a) At top of piston. .063-.068 in. 

(b) At skirt. .016-.019 in. 

Maximum allowable piston to liner clearance* (worn, at skirt 

e)f piston). .030 in. 

Piston measurements (ne*w) 

1. At cremn. 10.434-10.437 in. 

(a) R(*twf*e*n No. 1 anel 3 ring grooves. 10.455-10.457 in. 

(b) Between No. 3 anel 5 ring groov<*8. 10,464-10.466 in. 

(c) Bedween No. 5 anel 2 oil rings. 10.473-10.475 in. 

(d) Piston skirt. 10.483-10.484 in. 

Minimum allowable piston diameter (worn) junction of tape*r, 

below fifth ring groove. 10.468 in. 

Cylinder liner bore (new). 10.500-10.502 in. 

Maximum allowable liner diameter (worn). 10.550 in. 

Maximum allowable linear out-of-roundness (worn). .010 in. 

Piston pin bore (new). 3.9995-4.0005 in. 

Maxium allowable piston pin bore diameter (worn). 4.005 in. 

Piston pin to piston pin bore clearance, (new). .002-.004 in. 

Maximum alle)wable piston pin to piston pin bore edearance* 

(worn). .010 in. 
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TABLE 6-1 (CorU.) 

PISTON RINGS 

Compression gap clearance (new). .045 in. 

Compression gap clearance (max. allow’able worn). . 125 in. 

Oil control gap clearance (new). .025 in. 

Oil control gap clearance (max. allowable worn). . 125 in. 

Compnission side clearance (new). 

(a) No. 1 and 2. .000-.012 in. 

(b) No. 3, 4, and 5.004-.007 in. 

Compression sid(‘ cl(;aran(re (max. allowable worn). 

(a) No. 1 and 2. ,015 in. 

(b) No. 3, 4, and 5. .010 in. 

Oil ring side clearance (new). .004-.007 in. 

Oil ring side ch^arance (max, allowable worn ). .010 in. 

CYLINDER HEAD 

Relkif valve setting (liydrostatic pr(‘ssurc‘). 2250 psi 

C'ylinder head to Idock nut torque. 1000# ft. 

Cylinder head to lima- cap nut torcjue. 95-100# ft. 

CAMSHAFT 

Minimum allowable bearing shell thickness (worn). .064 in. 

Hearing shell to shaft clearance (new). .002-.004 in. 

Maximum allowable end clearance (worn). .012 im 

End elearanc.e (new). 002 in. 

Maximum allowable bearing shell to .shaft clearanc<^ (worn) 012 in. 

VALVES 

Exhaust valve tappet clearance (cold). .020 in. 

lnl(‘t valv(^ tapp(*t ch'arance (cold). .020 in. 

Inlet valve gui<l(* to valve stem clearance (new). .003-.005 in. 

Maximum allowable inlet valve guides to valve sbmi (d(iar- 

ance (worn). .010 in. 

Exhaust valve guide to valve stem chuirance (new). .006™.008 in. 

Maximum allowable tvxhaust valve guide to valv(‘ st('m (clear¬ 
ance (worn). .015 in. 

Inlet valve stem diam('t(‘r. .746-.747 in. 

Exhaust valve .stem dianuder (imw). .743-.744 in. 

MISCELLANEOl\S 

lnj(Hction nozzhe opening pr(‘.ssure. 3000 psi 

Lube oil recommended. SAE 40 

Lube oil n'commcnded (lirst choice substitute). SAE 30 


fulcrum and rebushing the rocker arm. Inspect the cam rollers 
for flat surfaces, and check tlie roller pins with micrometers for 
out-of-round. AcuTirate measurement of wear between roller 
and pin should be obtained with a dial indicator attached 
to the rocker arm with the dial pin resting on the roller. 
Repair or replacement of these parts is justified by the wear 
limit requirements. 

3. Tappet screws and tappet bearings, contact surfaces, and 
plates should be checked for wear and fracture of case-hardened 
surfaces. Wlien the parts are worn sufficiently to interfere 
with valve action, the bearing plate should be replaced and the 
screw repaired or replaced. 
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4. After the valves are removed from the engine, the seating 
surfaces should be inspected to determine whether leakage of 
gas is evident. Leakage may be the result of a warped valve, 
dirty valve seat, a worn seat, or even a bad gasket. Determine 
the cause of any valve leak. 

5. The seating surface in the cylinder head should be checked 
for warping. This can be accomplished by ^‘bluing” and turn¬ 
ing a new seat on its corresponding seat in tlie cylinder head. 
If this surface is warped, it may be ground in witli the cylinder 
head in place by using a machined plate of the same diameter 
as the seat. In some cases the seat may be remachined on the 
job by a special portable seat-cutting machine. 

6. Any deposit of carbon on the valve stem should be noted 
as this may indicate a worn guide buslung. After the valves 
liave been dismantled, the valve stem hushing wear can be 
accurately measured, and if the repair is necessary or the wear 
limit exceeded, tlie bushing should be replaced with a new one, 
that is, the cage bored out and a new bushing installed. Also 
inspect the valve stems. 

7. If the valve seats and discs are pitted badly or worn 
enough to form shoulders^ they should be refaced before attempt¬ 
ing to grind them. When the valves have been cleaned, the 
seat and cage should be carefully examined for warped surfaces. 
A set of thickness gauges may be used to detect warping or the 
seat may be blued” and the valve rotated on the seat in 
position. If there is any doul)t as to the condition of the seat, 
a new seat or one that has been refa(;ed should be used. When 
there are indications of warped surfaces found, all parts must be 
refaced or remachined. 

8. Before a valve is ground to its seat in tlie cage, the valve 
cage should be placed in a vertical position, with tlie seat on 
top of a table or bench. The valve is then inserted and tlie two 
seating surfaces are ground together. A medium grade of 
grinding compound should be used until the seats are free of 
pits and burrs; then use a fine grinding compound to polish the 
two surfaces. After the valve is ground and polished, it should 
again be blued” and rotated on its seat to test for complete 
surface contact between the seat and the valve. 

9. The valve mechanism can now be assembled, special 
attention being given to the spring length and tension. It is 
evident that the removal of the metal from the valve seat and 
cage during the grinding and polisliing and truing up or macdiin- 



18t 


BASIC MAINTENANCE PROBLEMS 


[Cli.6 


ing process materially affects the tension of the spring when it 
is in place. Washers placed under the springs to give a tliickness 
equal to the metal removed will keep the spring tension normal. 

10. The valve assembly is now ready to be placecl back in the 
cylinder head. The seat in the head should be cleaned and 
inspected for cracks. If gaskets are used, place a new gasket 
on the valve cage seat. Care should be used when placing tlie 
valve in the cylinder head, inspecting the seat in the head, and 
cleaning the surfaces. Use care to avoid damage to the gasket. 
The proper installation of the valve cage in the cylinder is very 
important. 

11. The valve assembly is now in the head. The valve cage 
nuts should be tightened just enough to prevent gas leakage. 
Any excessive strain placed on the (;age-type valve by over or 
uneven tightening of the cage nuts will distort the valve assem¬ 
bly, thus preventing it from functioning properly. When cylin¬ 
der heads have been removed and time permits, the final grinding 
should be completed, after the cage has been installed in the 
cylinder liead. This procedure eliminates tlie possibility of 
seat-warpage caused by tightening the cage studs. 

12. After valves and rocker arms are installed in the cylinder, 
the correct rocker arm-to-roller cam clearance should be set as 
recommended l)y the engine manufacturers. 

Checking alignment and bearing clearances. In all engines 
it is very important tliat the crankpin and piston pin bearings 
be true in every respect. The l)ore of eacdi bearing must be 
parallel to the crankpin in order to obtain satisfactory operation. 
In order to do this careful te(*hnique must be learned and 
practiced. 

Methods of checking alignment. There are several methods 
for checking the bore and alignment of these bearings. The 
most common method of checking the crankpin bearing is 
shown in Fig. 6-1. The mandril or dummy’' pin is machined 
to the exact diameter of tlie crankpin and long enough to allow 
suitable overhang at ea(’h end for measuring purposes. The 
bearing is then placed on a surface plate supported by two 
identical and accurately macliined metal strips in order to clear 
the ^^boss” that is present on many bearings of this kind. The 
mandril is then placed in the bearing, and by means of a surface 
gauge with a dial indicator attached, one can set the dial indica¬ 
tor and move it directly across the mandril to observe the 
maximum dial readings. This operation with the same dial 
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setting is repeated on the other end of the mandril and the 
maximum readings again observed. The two readings should 




Fig. 6-1. Tlie iriost common method of chocking the crankpin bearing. 


be the same. An ordinary surface pin gauge will serve the pur¬ 
pose of checking the parallelism of the mandril and surface 


plate. When dial indicators 
or micrometer calipers are 
used, however, one can deter¬ 
mine the amount of taper in 
the bearing, should the l>ore 
not be true. 

It is good practice all 
through the operation to 
“blue^' the mandril and ro¬ 
tate it in the bearing to clieck 
the seating surface before the 
above tests are made. There 
may be burrs or dirt and car¬ 
bon that will need scraping 
away in order to allow the 
mandril to rest in the entire 
seat of the bearing. This 
will eliminate the possibility 



of erroneous readings. 

It is important that the 
piston pin bore as well as the 


Fig. 6-2. One method of checking the 
bore of the piston-pin bearing relative to 
the large end of the connecting rod. 


crank bearing bore be parallel to the crankpin. In Fig. 6-2 is 


shown the method of checking the bore of the piston pin bearing 
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relative to the big end of the connecting rod. A mandril is 
machined to the exact diameter of the piston pin. The mandril 
is '‘blued/' and the seating surface of the bearing jchec^ked; 
then the mandril is clamped in place by the adjusting screw; 
the bearing halves, less the shims and the rod, are placed 
in a standing position on the surface plate. By means of a 
gauge that consist-s of a rod of sufficient length to accommodate 
small micrometer calipers or pin assembly at one end and a sur¬ 
face block at the other, the distance can be determined between 
the surface plate and each end of the mandril or the “dummy" 
pin. This will readily show the alignment of the bearing bore 



Ki(i. 0-3. A Miolhod coniiuonJy used to (duM^k tlie piinilkdisiu of the hearing bon‘8 

relative to each other. 

witli respect to tlie bottoin of the connecting rod. An ordinary 
pin gauge will suffice fer this check when micrometers are not 
available. Tlie advantage of using micrometers is in the quick 
adjustment and in as(;ertaining the exact amount of taper in 
the event tlie bore is not true with the bottom of the piston rod. 

The bore of the piston pin and crankpin bearings must be 
in a horizontal position parallel to the crankpin, yet the two 
bearing bores must not be in the same vertical plane. This 
condition may occur when the coimecting rod is twisted or 
when either or both the piston pin and crankpin bearings are 
not bored true. Engines operated in this condition give 
trouble and this should not be tolerated, for it is detrimental to 
smooth operation. 

Fig. 6-3 sliows a method of checking the parallelism of bear¬ 
ing bores relative to each other. Both mandrils are clamped 



Ch. 6] 


BASIC MAINTENANCE PROBLEMS 


185 


in the bearings with the bearing halves or clamps, but without 
shims ; the rod is then laid on the surface plate with two V l)locks 
supporting the crankpin mandril. The two V blocks must be 
accurate in construction and identical in order to get results. 
A check on the V blocks can be obtained by measuring from the 
surface place to the mandril on the top at each end with the 
same gauge as used in checking the crankpin bearing in Fig. 6-1. 
If the distances between the surface plate and the top of the 


mandril of each end of the piston pin man¬ 
dril are equal, the two mandrils are in the 
same plane. 

Much time could be spent in discussing 
the bearing and rod alignment because a 
different method of checking is applicable 
to each of many types of engines and 
installations. The method here described 
is largely applicable to heavy-duty, slow- 
speed, vertical engines that are found in 
many stationary and marine applications. 
For this reason tlie method is described in 
detail and illustrated as an example of pro¬ 
cedure. It is also evidence of the system¬ 
atic maintenance methods in use. 

Alignment of piston. A great deal of 
trouble is encountered in the engine if the 
piston does not align with its adja(^ent parts, 
the piston pin bore, rods, and bearings. 



In Fig. 6-4 is illustrated a method of check- , ,, , 

mg the alignment of piston and rod with of diocking alignment 
the connecting rod in place. This is easy of a piston and rod 
enough on a stationary engine, sitting level. 

The piston is placed on its head and lev- ^ ^ ’ 


eled; the rod is placed in its exact parallel-vertical position; and 
by means of a straight edge alongside the piston skirt perpen¬ 
dicular to the rod movement, the distances X and Y are noted. 


These two dimensions must be equal, provided the side 


clearance in the piston pin bearing is divided equally. To 
determine the exact location of the straight edge, in order to 
measure the X and Y perpendicular to the rod movement, 


scribe a line on the piston skirt with a try square vertically 
through the center of the piston pin on both sides of the piston. 
A straight edge directly over these lines will locate it in the 
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center of the piston pin and 90® with the rod movement. This 
method will also give a check on the piston pin bore or a pos¬ 
sible tapered pin, provided the pin bearing has been checked for 
true bore. A tapered condition is usually determined by 
measuring with a micrometer. 

Another procedure for checking the piston bore through the 
piston is shown in Fig. 6-5. The piston, with the pin in place, 
is leveled on its head by a level and a combination tool or by a 
straight edge and a level across the end of the piston skirt. 
Wedges under the piston head will simplify the leveling of the 
piston. A level “L” on the pin will reveal any variation in pin 
alignment, relative to the piston, which may be attributed to 
an untrue pin l)ore. 



Fig. 6-6 shows how a piston <^an be leveled by suspending 
heavy weights or plumb bobs by a fine rod from the rod placed 
across the end of the skirt parallel and then perpendicular to 
the axis of the pin. Wedges are moved under the piston until 
the dimensions W and Y mea.sured by micrometers or pin gauge 
are equal. Dimensions Y and A then should be equal and 
represent a check of other readings. The color “L” should show 
the pin as being perfectly level if no defects are found. The 
weight of plumb bobs have a tendency to swing when subject to 
wind or to light handling. This tendency to swing can be 
overcome to a great extent by submerging the plumb bobs in a 
heavy liquid, such as heavy lubricating oil. 

Cylinder liner replacement. Nothing has been said as yet 
about the cylinder liner, which will now be considered. Liners 
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are replaced more often than bearings and many other parts. 
Therefore the chances of having a liner misaligned are more 
numerous, owing to improper installation or poor construction. 
Some maintenance men seldom check a replaced liner to see 
whether it is perpendicular to the crankshaft. A check of this 
nature is worth while. Excessive liner wear and piston sticking 
may result from misalignment. Neglecting to check alignment 
may prove expensive. 

One method of checking 
a replaced liner is to place a 
straight edge and a level 
across the top of the liner. 

Anotlier method is shown in 
Fig. 6-7. The rod or stick 
from which the weights or 
l)obs are suspended by fine 
wire is placed across the 
top of the liner parallel to 
the shaft. The weights are 
suspended through the liner 
to the shaft and about two 
or three inches from the 
liner wall. The distances 
0 and P should be equal 
and, as a check, M and N 
should also be equal. The 
rod is now pla(*ed perpen¬ 
dicular to the shaft and the 
procedure is repeated. 

This method, if accurately 
performed, will give a definite indication regarding tlie align¬ 
ment of the liner. 

The problem of alignment involves not only the items 
discussed but also practically all moving parts throughout tlie 
engine. Only the more complicated procedures are brought out 
here for instruction purposes, since too much space would be 
required in discussing in detail all necessary alignments. 

Bearing clearances. While some maintenance men give too 
little attention to the subject of bearing clearances, it is one of 
the important factors in operating Diesel engines. It is good 
practice to allow standardized bearing clearances that are 
applicable to the particular type of engine. These clearances 


SQUARE ROD 



LINER 


Fig. 6-7. Chocking a ri’placod liner. 
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have been standardized by experience and testing in tlie field 
as well as the experimental shop. It is just as detrimental to 
have too mucii clearance as not enough because the bearings 
will pound out. When setting bearing clearances, one should 
be careful to allow only what is considered standard tolerance. 
A table of bearing clearances is shown liere to indicate the 
extent and importance of this information. The operator 
of any engine should obtain from his engine builder precise 
information and make use of it ever}^ time he makes any changes 
on the engine. 

Methods of checking bearing clearances. There are several 
ways of checking bearing clearances. One simple method is 

the use of a thickness gauge, when 
possible, such as on pinion and 
main shaft bearings. Another 
method is known as ‘ heading 
bearings, not applicable to the 
high-speed, precision type of bear¬ 
ing. Leading is simple, takes more 
time than other methods, but has 
1 )een found satisfactory when prop¬ 
erly done. In leading bearings, 
the caps are removed and a lead of 
fuse wire is laid over the crank¬ 
shaft’s journal at each end of the 
bearing, the ends of the lead wire 
about one inch from the shims. 
The bearing cap is tlien replaced and tightened. It is then removed 
and the lead wire is ^^miked” for thickness. The measure of the 
tliickness is the measure of the clearance, unless the wire was 
imbedded improperly into the babbitt surface, whicli occurs 
when a large wire is used on soft metal. In checking crank 
bearing clearaiuics, the crankpin is placed near the top dead 
center position and tlie bearing is allowed to be lowered enough 
to insert lead wire in the bottom cap, one at each end. The 
cap is then tightened to the rod with proper tension of the bolts. 
The cap is removed, the lead wire taken out and measured for 
thickness. The clearance of the bearing is indicated by the 
thickness of the wire. The size of the wire to be used depends 
upon the size of the bearing and the required tolerance. A two- 
ampere wire is satisfactory for leading bearings on tlie average 
engine. 



Fig. ()-8. (/hocking crankpin bear¬ 
ing clearance. 
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Another method of checking crankpin bearing clearances is 
shown in Fig. 6-8. Tlie dial indicator is clamped to the con¬ 
necting rod with a dial pin resting on the crank web. After 
the dial is set and the initial reading is noted, by means of a 
long rod or timer, the connecting rod and bearing are forced 
up to the crankpin. The dial reading is again observed and the 
difference between this reading and tlie initial reading is the 
bearing clearanc;e. The j-od may be reversed and the reading 
repeated. 

Crankshaft inspection. The crankshaft is one of tlie most 
important and (;ostly items in an engine. As its construction 
is complicated, tlie replacement of the shaft would mean a 
long period of shutdown; therefore, it must be given careful 
attention and care witli respect to alignment. Failure of crank¬ 
shafts is attributed largely to misalignment (;aused liy high and 
low bearings, which permit the shaft to ^‘bow'^ up and down 
wlien revolving. This sets up a vibration and (*auses ‘'flec- 
tures,” which eventually fracture. Realignment of the shaft 
periodically is a good practice. 

Fractures of shafts. Fractures are usually found in the 
fillet of the journals near the crank web, as a result of (wiceii- 
tration of stresses at these points. Such cracks are seldom 
visible to the naked eye in the early stages ; consequently some 
procedure must be followed to detect these possible fra(?tures 
before the shaft is completely broken. The following is one of 
the several steps that may be taken: 

Clean the shaft until it is free of all greases and oils. After 
drying thoroughly, apply a thit^k coat of a mixture of alcohol 
and powdered chalk around the journal at the fillets. Allow 
mixture to dry. 

The alcohol will dry quickly, leaving the surface coated witli 
a thin coat of chalk. As the shaft is rotated, any minute frac¬ 
tures that may be present will lie indicated by streaks of oil 
working out of the crack and appearing in the white chalk as a 
stained line showing the extent and location of the fracture. 
For the best results, the shaft, when rotated, should be sus¬ 
pended by only the two end bearings. 

The crankshaft must be straight and supported equally by 
all bearings with equal load on them, otherwise it will ^T)ow,’' 
and fractures will occur after a sufficient length of time of 
operating in this condition. Wlien a shaft is checked for 
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fractures or ‘^bow,” the crank 
we})s should be prepared to re- 
(^eive micrometer (calipers or a 
strain gauge. 

Use of the strain gauge. 

Make small center punches in tlie 
webs, preparing the indentations 
to receive tlie points of tlie strain 
gauge. Where micrometers are 
to be used, the wel)S sliould have 



SECT. A-A SECT. B-B 

Ki«. (>9. (checking the whaft for 
Hocture, or “bow." 


a pit on one side and a button on 
the other near the top and center 
of the web, as shown in Fig. 6-9. 
Tlie pit is made by hammering on 
a small steel ball lield against the 
web with an improvised clamp. 
The indentations made by the ball 
will re(‘eive the stem of tlie mi¬ 
crometers. Drilling to the deptli 
of the taper of a small drill will 
also make a suitable pit. The 


button tliat contacts the head of the clamp calipers is made 


by a specially machined tool. See Fig. 6-10 (a) and (b). 
Another method of making the button is shown in Fig. 6-10 (a). 


A hole the size of a small steel ball is drilled into the web to a 


depth equal to ?4 of the ball diameter. This ball is inserted 


in this hole and the metal (talked around it 
to prevent its falling out. The pit and 
button must be smooth and free from burrs 
and carbon deposits so tliat one (^an obtain 
correc;t micrometer readings between the 
two points. 

Readings are taken at four positions of 
tiie crankpin, namely, top,'back, bottom, 
and front, designated as A, R, C, and 1), 
taken in the order of rotation of the 
engine. If the readings are equal in the 
four positions of the crankpin, the indi¬ 
cations are that the shaft is straight. 



Variations in these readings will be indi¬ 
cations that the shaft is misaligned, as 
a result of bends or misaligned bearings. 


Fig. 6-10. Method 
of making button on 
crank web for use of 
micrometer calipers. 
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In Fig. 6-11 is shown the greatly exaggerated position of 
a shaft caused by a low bearing. In this case, the read¬ 
ing, when the crankpin is at the top or in A position, will 
be greater than when the crankpin is at the bottom or C 
position. In the event that the connecting rod is in place 
when the readings are taken, the crankpin can be slightly off 
bottom dead center when the C reading is taken, so that the 
strain gauge or micrometer will clear the rod. A difference in 
reading when the crank is in the front or D position or in the 
back or B position will indicate possible horizontal misalign¬ 




ment of the bearings. A shaft in this position must be corrected, 
as it causes a reversing of the fiber stresses in every revolution 
of the shaft. The magnitude of the fiber stress can be deter¬ 
mined by the formula: 

43,500A X T 
^ ’ 

where P equals stress in pounds per square inch, A equals maxi¬ 
mum deflection in thousandths of an inch, T equals thickness of 
the crank web in inches, and L equals one half of the stroke of 
the crank. This formula is Hooke’s law as applied to this type 
of beam. 

It is good practice to make sure that a shaft is being sup¬ 
ported by all of its bearings when in operation. Shafts, owing 
to their stiffness, will show to be in perfect alignment, yet when 
put into operation under heavy load may be bowed.” Bridge 
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gauge readings will readily indicate whether or not the shaft 
will bow under loaded conditions. 

Taking bridge gauge readings. Fig. 6-12 shows one method 
of taking gauge readings. First the crank adjacent to the main 
bearing journals being gauged is placed in a horizontal position. 
The gauge is set over the journal so that the micrometer pin 
is direc^tly over the center of the shaft. The micrometer is 
adjusted until the pin touches the shaft, and then the reading is 
observed. By means of a small jack placed under the crank 
web and against a timber placed in the frame the main journal 



()-12, Oju' inothod of taking bridge gauge Headings. 


is forced downward. The micrometer is again adjusted to 
touch tlie journal and the reading is noted. If the two readings 
differ, the indications are that the bearing is low in respect to 
the other bearings. If ihe second reading is the same as the first, 
the journal is l)eing correctly supported by its respective bear¬ 
ings. This procedure is repeated on all main bearings and 
journals. All l)earings found to be out of alignment sliould be 
con*e(*ted, as such (conditions may lead to serious trouble, such 
as crankshaft failure. Main bearing shells do not always fit 
the bore of tlie bedplate of an engine. These should be checked 
with bluing’^ and all lapped into place. A level on the main 
journals will indicate whether or not the shaft is level with 
respect to the bedplate when the engine is sitting level. 

Crankpin bolts. Tlie failure of a crankpin bolt can cause 
great damage to an engine. These failures are usually the 
result of one of several causes: (1) bolts tightened too mucli, 
(2) l)olts tightened too little, (3) bolts made of inferior steel, 
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(4) bolts not designed for sufficient strength, or (5) bolts in 
service too long and weakened by fatigue. Crankpin bolts 
should be of the best alloy steel with the right heat treatment. 
Engine manufacturers are now alert to the importance of fur¬ 
nishing satisfactory bolts. Therefore, tlie operator can forget 
items (3) and (4) if the bolts have been purchased from the 
engine manufacturer. These questions are beyond the control 
of the operator. The practice of buying replacement bolts 
from a local machine shop is questionable. These shops 
rarely have the facilities for heat-treating the bolts and may 
furnish bolts of any steel in stock. 

Several rules have been advanced for the operator's guid¬ 
ance in tightening crankpin bolts. Those which specify a 
certain length of wrench and a certain pull at the end are 
questionable and should be used with caution. Differences in 
the thread friction of the nut will set up different bolt tensions 
with the same pull—and even then, the amount of pull is hard 
to gauge. The accepted practice is to caliper the bolt length 
before any strain is put on it, then tighten up on the nut until 
there is a certain elongation. The manufacturer can recom¬ 
mend the proper elongation for any bolt of liis make. If 
the tension on the bolt is not enough, the box will slam in 
operation; if the bolt is tightened too inucli, it will be weakened 
and fail from fatigue strains. To make sure that the over-all 
measurements will be strictly comparable, there should be 
center-punch marks on the head and opposite end. Some bolt 
manufacturers drill the ends and insert special pins for such 
measurements. 

Checking crankpin bolts. When a crankpin box is dis¬ 
assembled, the bolts should be examined closely foi fine cracks 
that might indicate fatigue. Bolts should l)c examined every 
8000 to 10,000 hr of operation. One manufacturer recom¬ 
mends scril)ing tram marks on the shank of the bolt near the 
head and on the tliread near the end opposite, so that the length 
of the bolt can be checked against the original length to deter¬ 
mine whether there lias been any elongation. This does not 
complete the inspection, however, in view of the fact that any 
scoring or breaking of the surface of the bolt is likely to start a 
weakness. A comparison of the over-all length, as recom¬ 
mended in tightening, will not be enough, for the bolt end 
or head may have lieen worn between measurements. The 
complete and most reliable procedure is to tighten the bolts 
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correctly, as checked by elongation, inspect for cracks and 
imperfections periodically, and renew at definite intervals. 

Roundness of pins, "^^en new bearings are being fitted, 
pins should be calipered for roundness. Irregularity of as much 
as 0.0015 in. per inch of diameter should be corrected. It is 
preferable to discard the worn piston pin and replace it with a 
new one. Such wear in a crankpin would involve the entire 
main shaft, and it is necessary to grind the pin down to perfect 
roundness which then requires undersized bearings. In regrind¬ 
ing, care should be taken to see that sharp corners are avoided 

REPORT OF TEARDOWN INSPECTION 
C'ylinder No__ Date__ 

Main Bearing 
Measurements 
Top Bottom 

Half Shell Half Shell 

Inboard F..... 

A_ 

Crown F___ 

A... ... 

Outboard F___ 

A....- -.-.. 

PISTON and CYLINDER 
Piston Cylinder Piston Pin 

_ _ A____ F_A_ 

_ A_F_A_ 

.. A__ F_A.. 

PISTON RING MEASUREMENTS 
Side Groove Depth 

Ring Clearance End Gap Clearance 

1 _ 

2 ....-____ 

3 _ 

4 ___ 

5 ____ 


Replace 


Top F_ 

(Center F_ 

Bottom ¥ __ 


Connecting Rod Bearing 
Measurements 

Top Half Bottom Half 
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RKPORT OF TEARDOWN INSPECTION—2 
Remarks on Inspection and Repairs 

Repair or 

Condition * R eplacementf 

Intake valve __ _ . _ 

Exhaust valve _ . _ _ _ . .. 

Air-starting valve ___ __ _ 

Safety valve , ___ _ ___ 

Fuel injection valve _ ... __ _ 

Cylinder head clearance - ... . ... 

Connecting rod, centering of tup _ ... 


Inspected by_-_ Hours since last overhaul__ 

Measurements: All measurements with micrometer in thousandtlis of 
inch. Check all measurements with dimensions 
^'woriP^ in Wear limit Table. 

• Condition: W^ari)ed, pitted, burned, broken, etc. 
t Repair or replacement: Refaced, ground, replaced, new. 

between the pin and the crank cheeks. These sharp corners 
weaken the shaft and may start craxiks. That is why pins and 
journals are terminated with rounded fillets. Do not file faces 
of hearing caps. 

Checking alignment in place. The coimecting rod alignment 
can be checked without removing the rod from the engine, by 
measuring the side clearance of the crankpin box at different 
crank positions. Any misalignment will cause the box to bind 
against one cheek or against both alternately. 

Adjusting piston to cylinder head clearance. The clearance 
between the piston and the cylinder head can be adjusted by 
adding or removing shims between the foot of a marine-type 
rod and the top-half bearing box. When a cap-type rod is 
used, the only possible adjustment is changing the copper 
(iylinder head gasket to a thicker or a thinner gasket. To 
check the clearance, a soft lead wire should be platted on the 
piston top so as to come between the piston and head where the 
clearance is minimum, or at a point for wliich the manufacturer 
has specified what the clearance should be. The wire can be 
inserted tlirough the valve cage openings. If there are no 
cages, or if the wire cannot be in.sert.ed in that way, the head 
can be removed, the wire placed, and the head reassembled. 
If the correct clearance is larger than the largest size of lead wire 
available, a rope of lead wires can be tried. After the wire 







196 


BASIC MAINTENANCE PROBLEMS 


lCh.6 


is placed, ihe engine should l)e barred over, the wire removed 
and micrometerefl. The compressed tliickness will equal the 
clearance. Shims are inserted at the foot of the rod to decrease 
clearance, and vice versa. A thinner gasket is substituted to 




decrease the clearance. If after correcting the clearance to 
the amount specified the compression is still not correct, look 
for leaking piston rings or poorly seated valves. After an 
adjustment that decreases clearance, bar the engine over slowly 
several times to make sure the piston is clear of the head. 
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PREVENTIVE MAINTENANCE 
MONTHLY PROGRAM 
or 

Every 600 Hours 

1. Clean lubricating oil strainer. 

2. Clean lubricating oil filters. 

3. Inspect condition of lubricating oil. 

4. Clean fuel oil filters. 

5. Add grease to fittings. 

6. Check overspeed shutdown device. 

7. Drain moisture from fuel pressure tank or day tank. 

8. Check condition of zinc plates in heat exchanger and oil cooler. 

9. Drain water fuel storage tank. 

10. Remove cylinder head covers. 

11. Take peak pressures. 

12. Take compression pressures. 

QUESTIONS 

1. The wear limit table (Table 6-1) lists eight groups of engine 
parts or elements for whi(;h dimensions, clearan(*,es, and wear limits 
are given. Make a list of the kind and size of measuring tools, such as 
micrometers and gauges, required for checking an engine of this kind. 

2. What special tools, in addition to wrenches, would be required 
for teardown, repair, and reassembly of an engine of this kind? 

3. Inspection report forms for main bearings, piston and cylinder, 
piston ring measurements, and valves for use in making a top overhaul 
are given on pages 194 and 195. Make up similar report forms for 
other groups of engine parts. 

4. Refer to Chapters 8, 9 and 10 for report forms used for making 
records of inspections of engine deposits, and so on. Study the possi¬ 
bility of making up report forms for recording other information and 
data, including parts replacement, and so on. 

5. Students of Diesel operation and maintenance should have 
actual experience and training in making all measurements listed for a 
particular engine, devising forms, recording the information, and 
calculating on graphs the rate of wear against hours of operation. 

6. A major part of any laboratory or shop training course should 
include teardown and disassembly, inspection of every part, measure¬ 
ment of all dimensions and clearances, and the calculation of all wear 
found. If you are operating an engine, get the maximum benefit from 
your next experience with overhaul, by systematizing your methods 
and records. 
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7. Practical operators who study this book will understand their 
own instruction book in a new light. Check the items included in 
your instruction book, with the layout of maintenance procedure, and 
the inspection procedure in this and Chapter 8. Check your tools 
and equipment, including instruments. Do you possess sufficient 
tools to carry on maintenance work? 

8. How is the wear in the rocker arm bore checked; and how is the 
wear corrected? 

9. What causes flat surfaces on the cam rollers? 

10. What is used to measure the wear between roller and pin? 

11. When valves are found to be leaking, what are some of the 
causes to be looked for and determined? 

12. How and with what is the seat remachined? 

13. What condition of the valves require refacing? 

14. What can be done if valve springs are found to be weak? 

15. When valve cages are being installed, what prc'cautiun must 
be taken with the bolts? If not taken, what may be tlie result of 
uneven tightening of the bolts. 

16. What is the method recommended for checking bearing align¬ 
ment, as shown in Fig. 6-1? 

17. How is the parallelism of bearing bores cJifuiked relative to ea(^h 
other? 

18. Why is it important that the alignment of the piston be 
checked? 

19. What may happen when the cylinder liner is installed with poor 
or improper alignment? How is the alignment of the liner checked? 

20. A lead wire is used for checking bearing clearances on large 
engines. How is the lead wdre measured for thi(;kness? What is used 
for this purpose? How accurate should it be read? 

21. Describe the usual method of inspecting the crankshaft. How' 
are the chalk and alcohol used for this purpose? 

22. What is the strain gauge? Describe it use. 

23. If there is reason to believe that a crankshaft is bowed 
during operation under heavy load, what kind of gauge may be used 
to indicate whether the shaft will bow’ under such conditions? 

24. What is the bridge gauge used for? Is it used to check a bear¬ 
ing believed to be low^? 

25. What are the five factors that may contribute to failure of 
crankpin bolts, or connecting rod bolts? 
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26. What is considered the most reliable method of checking 
crankpin bolts? 

27. What is used to check the length and elongation of the bolts? 

28. At what intervals does the manufacturer of your engine recom¬ 
mend the replacement of the bolts? What elongation does he recom¬ 
mend? Is this information found in the instruction book? 

29. Should the face of precision bearing caps ever be filed? 

30. What method is used to measure the cylinder head to piston 
clearance? 

31. Should the compression be checked after this clearance is 
adjusted? 

32. How is the piston to cylinder head clearance measured on the 
engines with which you are familiar? 

33. On what type of engine can the clearance be regulated l)y 
removing or adding shims to the foot of the connecting rod? 

34. What is meant by connecting rod bolt torque? 

35. What is a torque wrench, and how is it used? 

36. What is meant by ‘^cylinder head to block nut torquein the 
table of wear and dimensions? 

37. Look at Fig. 6-13, and list the exhaust valve clearan(‘es to be 
checked. What tools and methods are used? 



CHAPTER 7 


INSPECTION PROCEDURE 


Introduction. The use of a definite inspection procedure is 
an essential feature of maintenance work. After a suitable 
maintenance policy has been adopted and proper equipment 
and facilities provided, a standard inspe(;tion procedure should 
be put into effect. Inspection methods and practices evolved 
by experience and made standard by the Diesel engine manu¬ 
facturers are essential to securing low-cost power from the 
modern Diesel engine. Intelligent inspection of engine parts 
during tlie teardown and reassembly of the engine is the basis 
of this practice. 

Maintenance and inspection work differ only in the amount 
of reconditioning and repair work done on the engine elements 
and parts. The inspection of the engine and its parts, whether 
stationary, marine, locomotive, portable, or automotive, com¬ 
prises essentially the same procedure. The special equipment 
required is related to the maintenance work and the type of 
engine. Experience determines the time between various 
maintenance operations and overhaul periods. A considerable 
percentage of the time involved in inspection and maintenance 
of the engine is consumed in removing parts or dismantling to 
gain access to various parts to be repaired or inspected. As 
pointed out in the previous chapter, a method of insuring a 
complete and thorough inspection justifies the work and effort 
involved. Since all the details of inspection and maintenance 
would require lengthy discussion, a condensed summary of 
inspection and maintenance procedure is herein presented, to 
include teardown and reassembly of the entire engine. 

Inspection of the main engine. Certain inspections are 
made before the overhaul starts, some while the engine is 
running, and others with the engine shut down as conditions 
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require. The steps to be taken are as set forth in the follow¬ 
ing list: 

1. Indicate the engine, using a pressure indicator such as tlie 
Premax. When possible, indicate and study the compression 
and firing pressures. Any irregularities in the pressures 
developed during the previous period of operation may be 
determined. A record is made of the data indicated. 



Fig. 7-1. Close-up of cylinder head assembly, showing camshaft and rocker 
arm assembly. C'amshaft fitted with forged, hardened, and polished steel cams, 
three per cylinder, an intake, an exhaust, and one cam for performing two 
functions—namely, fuel injection and air starting. Push rods and tappets an* 
eliminated by the use of the overhead camshaft, with the rocker arms bearing 
directly on the cams. This is an ideal design for unit injection systems, 

2. Check the pressures of the water, lubricating oil, fuel 
oil, and air compressors, if air injection. 

3. Inspect all relief valves. Test lifting pressure in the 
pressure relief valves. 

4. Che(^k valve timing and valve lift. 

5. Observe governor action and performaiu^e. 
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6. Check the fuel pump for leaks in plungers, and so forth. 

7. Make every effort to locate abnormal noises. 

8. Investigate any condition not in keeping with good 
practice, as indicated in previous chapters. 

Removal and inspection of parts. Secure proper tools and 
equipment, and proceed as follows: 

1. Remove rocker arms and valve mechanisms. 

a. Examine for flat spots and wear on rollers, pins, and 
bushings. 

b. Note wear on tappets. 

c. Check fulcrum pins and bushings for wear. 

2. Remove valves from head and prepare to recondition. 

a. Clean and grind until all pits disappear. If valves 
or seats have warped or are badly pitted, it may be 
necessary to reface. 

b. Inspect valve springs for length and tension. 

c. Inspect valves carefully to determine wear and general 
condition. 

d. Inspect all moving parts, including valve stems, valve 
stem bushings, guides, lock washers, and so on. 

3. Remove main cylinder heads after determining head 
clearance with a lead wire or copper pipe. 

a. When convenient, remove exhaust and intake lieaders; 
when not convenient, block in place. 

b. Clean the heads. When necessary, use an approved 
scale remover. 

c. Remove all clean-out plates and plugs to facilitate 
cleaning. 

d. Examine carefully for defects, such as cracks, leaks, 
and bad seats. 

e. Replacie clean-out plugs and plates. 

f. Checks should be made for cracks, erosion, and so on. 

4. Wash and clean engine jackets, exhaiist header, air intake 
system, and such members. 

a. If scale is present, use approved scale remover. 

b. Determine the thickness of the scale deposit. 

c. Remove the scale remover acid by flushing out with 
soda solution. 

d. Determine the kind of scale deposit. 
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Fig 7-2. C’lose-up view of top of assembly with rocker arms removed, showing 
cylinder heads. The ass(;mbly is cast iron and is designed for maximum rigidity 
and cooling The removable cylinder liners, the cylinder head studs, and the 
method of removing the hc^ads are also shown. 

5. Remove crankcase doors and casings over camshaft drive 
and other auxiliary drives. 

a. Wash out crankcase witl) kerosene or fuel oil, hot 
water, or steam. 

1). Break connections on end of tlie engine to facilitate 
work. 

c. Replace as soon as cleaning is completed. 

6. Block connecting rod bearings. Pro(;eed as follows and 
make careful record of data: 

a. Measure connecting rod bolt length before relieving 
strain on the nut. 

b. Relieve strain on the nut and remeasure the bolt 
length. 
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c. Tighten set screws for holding connecting rods bolts 
in place and remove nuts. 

d. Compare measurements made in (a) above with pre¬ 
vious measurements made when bolts were installed. 
Compare measurements in (b) with original bolt 
lengths. 

7. Pull pistons, one at a time or all at once, as convenient, 
making use of proper equipment. 

a. Remove rings and note carefully general condition 
and any indication of blow-by past the rings. 

b. Clean and inspect piston inside and out for cracks, 
scores, and other defects. 

c. Remove piston pins, measure, and note dimensions in 
planes perpendicular and parallel to piston pins. 

d. Examine piston pin bearings and adjust to proper 
clearance. 

e. Use surface plate to obtain check as to whether 
piston bearing is true in planes perpendicular and 
parallel with crankpin bearings. 

f. Tlioroughly clean oil holes in connecting rods and 
insert corks in the holes until rods are installed. 

g. Install piston pins in piston after measurement of 
wear. 

h. Measure piston skirt. Use wood block and sledge to 
adjust piston skirt dimensions so that skirt diameter 
is approximately .0015 in. smaller parallel to pin 
than perpendicular to it. 

i. When oil-cooled pistons are being inspected, break 
out oil-cooling header as much as possible and 
clean. 

S. Remove connecting rod bearings from crankcase. Use 
proper method as previously outlined. 

a. Inspect carefully for loose babbitt, cracks, and other 
defects. Measure for wear. 

b. Inspect connecting rod bolts very carefully. Note 
the bearing surfaces under the head and evidence of 
damage. 

c. Suspend connecting rod bolts from a string, non- 
metallic, and sound for cracks. 

d. Have bolts magnafluxed when facilities are available. 
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9. Measure with micrometers the distance between crank 
webs. 

a. Take measurements on all cranks in the four quarter 
positions as previously instructed. 

b. Use strain gauge when available and indicated. 

10. Wear limit check. 

a. Check measurements against wear limits. 

b. Make careful records of all measurements. 

11. Remove main bearing caps. Inspect bolts in the same 
manner as for engine connecting rod bearings. 

a. Inspect for cracks, loose babbitt, and evidence of 
heavy bearing areas, wiping of bearing metal, scores, 
and cut shafts. 

12. Take bridge gauge readings of all main bearings, as 
indicated in foregoing chapters. 

a. If bridge gauge is not available, spot frame directly 
above journal and measure distance between spots 
and shafts. 

b. Press shaft into shell with either clamp or jack and 
take second bridge gauge reading. Bridge gauge 
readings before and after pressing down of main 
bearings should not vary more than 0.002 in. 

c. In case of deflection that is more than 0.002 in. in 
any one direction, as shown in item 9, remeasure 
the distance between the crank webs at the point in 
question while the crankshaft is clamped in the 
bearing. 

d. Examine the crankshaft for cracks. (Paint with 
alcohol and clialk.) 

13. With an approved shafting level, determine position of 
all main journals. 

a. Determine pitch per foot and direction of slope. 

14. Roll bearings of engine out of sockets, inspect for defects, 
look for evidence of wear and relative pressures. 

a. Compare thickness when wear is indicated. 

b. Determine if any l^earings are wiped. 
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Fig. 7-3. Largo porta in the side of the engine lower frame of the Ht'ndy StTies 
20 engines make the crankshaft accessible for inspection and adjustment. 


15. From items 11 to 14 above, determine the cause of any 
(Tanksliaft misaligniiient. A crude skettdi of shaft showing the 
journal level and web distances will aid in finding the cause of 
misalignment. 

a. Leave crankshaft with no more than 0.002-in. dif¬ 
ference in measurements between webs in any two 
diametrically opposite positions. 

1). Check strain gauge data, if obtained. 

1(). Repla(*e main bearing caps and lower shells, giving proper 
clearance after oil passages have been thoroughly (‘leaned. 

a. CUean oil passages and blow piping with air pressure. 

b. Take leads on the bearings with original shim. 

c. With this information, determine amount of shims to 
be removed to give proper clearance. 
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d. The rule generally followed for main bearings clear¬ 
ance is to allow 0.0005-in. clearance per inch of shaft 
diameter, and to this amount add 0.002 in. Thus, a 
10-in. shaft would require 0.007-in. clearance. 

e. Use precautions to insure the pulling down of caps 
evenly and squarely with main engine frame. 

f. Check crankshaft and thrust, and as far as possible 
adjust to builder’s recommendations. 

17. Inspect vertical shaft and shaft drive, or other camshift 
drives, and the like. 

a. Remove all housing necessary. 

b. Inspect and adjust bearing clearance and thrust. 

c. Note gear clearance and wear, and make a record. 

d. Inspect timing chain and pinion for tension, wear, 
and other defects; inspect timing gears, if any. 

18. Examine the camshaft. 

a. Adjust bearing clearances and thrust. 

b. See that all cams are tight and in their proper position. 

c. Examine the cams for excessive wear. 

19. Check fuel pump, fuel system piping, fuel pump for 
wear in drive, and so on. 

a. Check all moving parts, such as pins, bushings, 
crossheads, links, straps, eccentri(!S for excessive 
wear, adjustment, and clearances. Look for any 
defects. 

b. Check and repair all pumps; check and try valves, 
removing valve bodies when necessary. 

c. Reset governor valves to builder’s standards. 

d. Make sure all joints, bearing races, as well as other 
moving parts, are inspected for breakage, wear, and 
lost motion. 

e. Check all valves for required .spring ten.sion. 

f. See that all valves have proper lift. 

20. Inspect the governor. 

a. Dismantle the governor and completely overhaul it 
when this is necessary. 

b. Note all joints and bearing races, checking moving 
parts for wear. 
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c. Cheek all nuts, keys, and the like, and see that they 
are in the right place and tight. 

d. Check all parts to see that they work. 

21. Replace housing on such items as camshafts driving 
mechanisms. Examine for cracks. 

22. Examine and inspect lubricating oil pump and elenients 
of pump wear. 

a. Dismantle lubricating oil pump. Observe the general 
conditions and compare with requirements for satis¬ 
factory operation. 

b. Inspect bearing and shaft conditions of drive. 

c. Inspect and renew any packing, and so on. 

d. Note condition of and repair driving mechanism when 
needed. 

e. Completely dismantle, clean, and repair relief or 
by-pass valve. 

23. Measure liner diameter with inside micrometers, and 
examine the liner surfaces for scores and wear. 

a. Take the measurements both perpendicular and 
parallel to the crankpin. 

b. Measurements in position to be taken near the 
center of the liner above the oil hole, about one inch 
from top of ring travel, using standard locating iron 
for determining exact position. 

c. If abnormal conditions are found, take other measure¬ 
ments as shown in the report form in the previous 
chapter. 

d. Operate force feed lubricator by hand and thoroughly 
check all lubricating oil lines from the lubricator to 
the cylinder. Special attention to the lubricator 
heads in the cylinders is required. 

24. Replace connecting rod bearings. They should have 
been cleaned, inspected, and the shells also should have been 
inspected. 

a. Properly place leads and original shims so that the 
clearance can be determined later. 

b. Again carefully inspect connecting rod bolts, place 
in position, and secure with set screws provided for 
that purpose. 

c. Replace with required compression shims. 
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25. Prepare piston and install. The rings should be checked 
carefully, as previously explained. 

a. Fit the rings in the liner and determine the gap, 
which may be 0.005 in. per inch diameter of the ring. 

b. Determine width and condition of the ring groove 
in the piston. 

c. Install the rings, making sure of proper side clearance. 

d. Thoroughlj^ oil the liner, piston, spacer rings, and 
insert the assembly properly. 



Fig. 7-4. Inspecting crankshaft for cracks in the fillets, showing use of powdered 
chalk solution for this purpose. 

26. Adjuf?t connecting rod and bearing. 

a. With the piston and connecting rod in place, tighten 
bearing bolts to insure pinching of lead wire to actual 
bearing clearance. 

b. Remove lead wire to determine original clearance and 
adjust shim thickness to give proper clearance. 

c. Tighten bolts in accordance with standard torque 
tables for this engine. Use a torque wrench as 
instructed. 
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d. Operate hand lubricating oil pump to see that oil 
runs freely, through all bearings. Check oil passages 
or piping for leaks. 

27. Replace cylinder heads. Lift heads with proper equip¬ 
ment and do not damage. 

a. Make sure that all contact parts are clean and gaskets 
are annealed before reusing. 

b. Tighten all cylinder head bolts evenly with equal 
tension; use torque wrench when available. 

c. Check head clearance. 

28. Replace valves in the head, if cage type. 

a. Make sure that all copper gaskets are annealed 
and cleaned. 

b. Clean seats and all contacting surfaces, making sure 
that all seats are free of foreign matter. 

c. Tighten valve or cage bolts evenly and gradually, 
and allow for expansion. Use wrench without cheater 
for this work. 

29. Replace rocker arms. 

a. Allow recommended roller clearance for all valves. 

b. Check push rod and cam clearance. 

30. Remove compressor valves. 

a. Clean and grind. 

b. Check valve lift. 

c. Examine all parts for excessive lubricating oil con¬ 
sumption. 

31. Measure head clearance, air compressor. 

a. Use lead for this purpose. 

b. Examine rings of compression piston. 

32. Remove cylinder head and pull compression piston. 

a. Clean and observe carbon deposits. 

b. Inspect rings for wear and defects; replace worn 
rings. 

c. Examine and adjust pin bearing and pin. 

d. Examine compressor liners, taking measurements 
with micrometers in the same manner as with power 
cylinders. 

e. Replace compressor piston. 
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f. Examine and adjust connecting rod bearings, making 
proper allowance for head clearance. 

g. Inspect all air piping and air bottles; clean with 
steam or air or by any other approved method. 

33. Inspect and replace compressor head and valves. 

a. Take same precautions as with power cylinders. 

b. Check all clearances. 

34. Set timing of all valves. 

a. With bevel contractor or tram, check opening and 
closing of exhaust valves and inlet valves on one 
cylinder. 

b. Use dial indicator or bevel protractor or tram to set 
opening and closing of fuel valves (on air injection 
engines). 

c. Thoroughly inspect crankcase for rags, blocks, and 
other loose objects; have this rechecked by another 
person. 

d. Replace crankcase doors and other parts. 

35. Check foundation and frame bolts and alignment of the 
engine bed plate. 

36. Examine flywheel bolts and see that tlie nuts are tight. 

37. Prepare the engine for starting. 

a. Operate mechanical lubricator by hand to supply oil 
to the pistons. 

b. Bar the engine over several revolutions and spot for 
checking. 

c. Check air pressure in starting air tanks or bottles. 

d. See that all tools and other materials are out of the 
way of the moving parts of the engine. 

e. Take all necessary steps common to starting the 
engine. 

38. Start the engine. 

a. The operating engineer should start the engine. 

b. The machinist should not touch the gate valves, 
switches, or other apparatus incident to the operation 
unless the engineer is present. 

c. The engine should be shut down, doors removed, and 
an inspection made within ten minutes after first 
starting an engine after an overhaul. 
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d. Inspect thirty minutes after the first stop. Then 
run two hours at full load and inspect. Then run 
four hours and inspect. If the inspection is satis¬ 
factory to the engineer and to the mechanic, the 
engine should be ready to place in service. 

39. Records. Records of measurements, reports of condi¬ 
tions found during the teardown inspection, and adjustments 
made when the engine is assembled should be made and kept for 
future reference. 

Since the condition of the engine found by inspection is the 
reason for inspection, the interpretation of the data on tliese 
observations must be made. The meaning and significance 
attached to the various conditions revealed by inspection is 
subject to further discussion in chapters that follow. This 
will cover piston rings, piston and cylinder, major engine 
bearings, and other vital parts of the engine. 

Clearances, dimensions, and wear limits. The table of 
Clearances, Dimensions, and Wear Limits, Table 7-1, is a 
carefully prepared list of items that are measured when a typic^al 
marine engine is torn down for inspection. It is given here to 
illustrate the various measurements that must be made. 

This information is essential to any intelligent maintenance 
and inspection program. It is an illustration of the kind of 
information required and the way it should be listed and kept 
available. The manufacturer’s instruction book usually con¬ 
tains this information together with instructions on making 
the various measurements. Only a study of the instruction book 
of a particular engine makes it possible for the operator to perform 
this important duty. 

Inspection of auxiliaries. The Diesel plant includes essential 
auxiliaries that must be regularly inspected. There are several 
auxiliary systems that control the economics of the Diesel 
engine. The inherent characteristic of each type of Diesel 
engine makes a definite demand upon the auxiliary system’s 
equipment. Through a regular system of maintenance and 
inspection and a study of the records thus obtained it is possible 
to know the internal condition of the engine within fixed limits. 
With this knowledge of the reasonable working limitations of 
the engine, replacements and adjustments can be provided for 
well in advance so as to eliminate aggravated difficulties. The 
corrosive properties of fuel oil, the scale-forming tendency of 
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the cooling water, and the deterioration of the lubrication 
require diligence and permits of no neglect in keeping up the 
equipment. 

The schedule here given does not list the maximum allowable 
time lapse between specific maintenance procedure suggested- 
but such data should be added for each individual installation 
after consultation with the engine builder, the acrcumulation of 
experience, and information from the manufac^turers of the 

TABLE 7-1 

Clearances, Dimensions, and Wear Limits 


OP A Typical Marine Engine 

MAIN BEARINGS 

Crankshaft diameter (new). 7.2485-7.2495 in 

Shell to shaft clearance (new).005 -.009 in. 

Shell to shaft clearance (max. allow, worn).030 in. 

Shell thickness (new).3715-.37275 in. 

Shell thickness (minimum allow, worn).300 iii.^ 

Thrust bearing end clearance (new).030 -.035 in. 

Thrust brg. end clearance (max. allow, worn).118 -.125 in.- 

CONNECTING ROD 

Crankpin diameter (new). 0.2485-0.2495 in. 

Shell to shaft clearance (new).0005-.0085 in. 

Shell to shaft clearance (max. allow, worn).025 in. 

Shell thickness (new).240 -.24075 in. 

Shell thickness (min. allow, worn).238 in,^ 

Piston pin diameter (new). 2.999 -3.000 in. 

Piston pin diameter (min. allow, worn). 2.992 in. 

Piston pin bushing outer diameter (new). 3.872 -3.873 in. 

Piston pin bushing outer diameter (min. allow, worn). 3.804 in. 

Piston pin bushing inner diameter (new). 3.0025-3.0035 in. 

Piston pin bushing inner diameter (max. allow, worn). 3.012 in. 

Piston pin to conn, rod bushing clearance (new).0025-.0045 in. 

Piston pin to conn, rod bushing clearance (max. allow, worn) .015 in. 

PISTON AND LINER 

Liner diameter (new). 8.4995-8.5005 in. 

8.449 -8.451 in.« 

Piston diameter (new). 8.474 -8.470 in.'* 

8.480 -8.488 in. 

Piston to liner clearance (m^w).0485—.0515 in ® 

.0235-.0205 in.7 
.0115-.0145 in.« 

Piston to liner clearance (max. allow, worn ).075 in.® 

.050 in 7 
.040 in.® 

Piston diameter (min. allow, worn). 8.475 in.® 

Liner diameter (max. allow, worn). 8.525 in. 

Liner out-of-roundness (max. allow, worn).007 in. 

Piston pin bushing inner diameter (new). 3.0005-3.0015 in. 

Piston pin bushing inner diameter (max. allow, worn). 3.008 in. 

Piston pin to piston bushing clearance (new).0005-.0025 in. 

Piston pin to piston bushing clearance (max. allow, worn). . .016 in. 
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TABLE 7-1.—(Continued) 

PISTON RINGS 

Compression ring gap clearance (new).030 -.050 in. 

Compression ring gap clearance (max. allow, worn).100 in. 

Oil control ring gap clearance (new).030 -.050 in. 

Oil control ring gap clearance (max. allow, worn).100 in. 

compression ring side clearance (new).008 -.0105 in.® 

.004 -.0065 in.i® 

compression ring side clearance (max. allow, worn).020 in. 

Oil control ring side clearance (new).002 -.0045 in. 

Oil control ring side clearance (max. allow, worn).020 in. 

CAMSHAFT 

Shell thickness (new).1222-. 1225 in. 

Shell thickness (min. allow, worn).117 in. 

Shell to shaft clearance (new).0035-.0061 in. 

Shell to shaft clearance (max. allow, worn).010 in. 

VALVES 

Exhaust valve tappet clearance (cold).015 in. 

Exhaust valve guide diameter (new).565 -.566 in. 

Exhaust valve guide diameter (max. allow, worn).573 in. 

Exhaust valve guide to valve stem clearance (new).002 -.004 in. 

Exhaust valve guide to valve stem clearance (max. allow. 

worn).012 in. 

MISCELLANEOUS 

Injector nozzle opening pressure. 1000#“ 

3200#“ 

Injector timing (BTC). ‘ 

Lube oil recommended... 9370 

9250“ 

Cylinder head stud torque Ib-ft. 650 

Cylinder liner stud torque Ib-ft. 250 

Conn, rod bolt torque, Ib-ft. 100 

1 For Satco sheila only—renew Trimetal shells when intermediate bronate lining starts to show 
through. 

“ Renew when backing starts to show. 

’ Top of taper, at top of head. 

* Bottom of layer, top of 5th ring groove. 

® Skirt from 5th ring groove to bpttom. 

• At top of piston. 

’ Between 4th and 5th ring grooves. 

* At skirt. 

• First and second rings from top. 

Third, fourth, and fifth rings from top. 

Spherical check-valve type. 

Needle-valve type. 

Position of flywheel for checking injector with injector timing tool 
First choice substitute. 

equipment in question. Makers of the auxiliary equipment, 
generators, switchboards, cooling systems, air filters, and the 
like issue their own complete instruction books. All of this 
information should be accumulated in one place, so that it will 
be easily accessible to the operator. Such information would 
make another complete textbook—a brief r6sum6 only can be 
given here. 
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Svntdhbowrd. Clean with air, thoroughly removing accumu¬ 
lations of dust and deposit of all kinds. 

1. Test for grounds and check ground connections. 

2. Inspect all control instruments and contactors. 

3. Test watt-hour meters and the like. 

4. Check, adjust, and make record of relay settings. 

5. Clean and inspect all bushings, connectors, and switches. 

Generators. Clean the windings with air, and paint if that is 

necessary. Check lubrication and clean bearings when needed. 

1. Inspect collector rings and brushes. 

2. Check the air gap on all four sides. 

3. Test frame grounds and make insulation test. 

Exciters and small motors. Clean with air and paint the 
windings when this is indicated. 

1. Check the air gap and bearing alignment. 

2. Check couplings, pinion, or pulley alignments. 

3. Inspection of the electrical features such as the commuta¬ 
tor brushes and .the making of an insulation test should be done 
by a competent electrician unless the operator is experienced. 

4. All auxiliary equipment motors should receive periodic 
check and inspection. 

Electrical starting equipment. Clean with air, inspect, and 
oil. Check, adjust, and make a record of undervoltage and 
overload relays setting. Inspect and test switch, conduit, 
and motor frame grounds. Inspect all electrical equipment in 
the engine room. 

Jacket water heat exchangers. Inspect regularly for leaks and 
for scale. Clean the tubes before the deposits reach an appreci¬ 
able thickness. The kind of scale should also be determined, 
and the method of preventing this formation worked out if 
possible. 

Cooling system pumps. Check pumping level, flow, power 
input to the pumps, and the speed of the pumps. Drain 
and renew oil in the pump bearings. Check thrust bearings 
and clearance, and at intervals, pull and inspect the pumping 
unit. 

1. Check suction pressure. 

2. Check discharge pressure and flow. 

3. After careful internal inspection, drain and renew the 
oil. 
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Air compressor. Drain and renew the oil at proper intervals, 
and overhaul when so indicated. Inspect valves and bearings 
as previously outlined. Give the compressor a major overhaul 
when the general condition requires it. 

Fuel-oiUstorage tanks. Drain and clean out periodically, 
and inspect for corrosion. Drain off the water regularly and 
inspect for leaks. The outside of the tank should be cleaned 
and painted to prevent any rust accumulations. 

Air-storage tanks. All air-storage tanks should be drained 
regularly and should have the hydrostatic test applied for 
safety purposes. Water accumulating from condensation is 
the source of trouble and must not be neglected for long intervals. 

Fire-safety equipment. Inspect and list all extinguishers. 
Discharge and recharge and soda acid and foam type; test and 
fill the tetrachloride type. Obtain the Underwriters^ Regula¬ 
tions for Internal Combustion Engine Plants and consult the 
National Safety Council for additional information on safety 
in such plants. 

Water and oil piping. Inspect all piping for leaks; clean 
and keep painted all exposed pipe; do not permit formation of 
rust on the exterior or corrosive scale on the interior of any 
piping. The oil filters and strainers, supply lines, heaters and 
auxiliary storage tanks should be inspected and cleaned regularly. 

Air intake and exhaust equipment. Inspect and service the 
air filters regularly; keep the air suction ducts and mufflers 
cleaned. This also applies to exhaust ducts and mufflers. 
Inspect the gas flow regulators if natural gas is used for fuel. 

Relief valves. All relief valves, for air-starting systems, 
lubricating oil pressure control, and so on, should have careful 
attention. The safety or relief valves on the cylinder heads 
must not be neglected. 

The auxiliary and accessory equipment manufacturers 
willingly furnish completely reliable information on the opera¬ 
tion, maintenance, and installation of the apparatus furnished 
tlie engine manufacturer. It is the duty of the operator 
and maintenance man to make sure he has a complete set of 
such instructions covering all items of auxiliary and accessory 
apparatus. A careful study of this class of information is 
recommended. 

It is obvious that a log book should be kept on each major 
unit of auxiliary equipment and all maintenance and operating 
data entered in this log. 
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QUESTIONS 

1. What are the important factors in maintcmanci' and details of 
keeping accurate records? 

2. What clearances and adjustments must be made and kept at 
all times? 

3. Why is it important to maintain the propter compression pres¬ 
sure at all times? 

4. Why should the rocker arm clearances be kept absolutely 
standard? 

5. How are the clearances maintained in the valve me(;hanism ? 

6. How is valve timing checked? 

7. What condition of the pistons and liners should l)e maintaiiuul 
with respect to clearan(‘es? 

8. What is the correct guide for piston end clearan(5e‘^ 

9. What causes piston end clearance to vary? 

10. How may piston end clearance be maintained? 

11. What wearing parts require the most attention? 

12. What safety precautions should be taken in the operation and 
maintenance of the engine? 

13. What steps should be taken to avoid dangerous fires? 

14. How is valve timing checked? 

15. Describe the procedure for valve timing. 

16. Why is it necessary to reset valves and when is this to bo done? 

17. What is the procedure for checking and ins}XH;ting the air¬ 
starting system, the fuel system, and the lubricating system auxiliary 
equipment? 

18. What information on the auxiliary equipment should be 
obtained and kept conveniently for the operator; where is it obtained? 



CHAPTER 8 


PISTON RING MAINTENANCE AND 
INSPECTION 


Nomenclature. Piston and ring nomenclature has been 
standardized to a great extent, particularly for the automotive 
field. The Gasoline Engine and Diesel Engine Divisions of 
the Society of Automotive Engineers submitted final recom¬ 
mendations for approval and publication in the 1944 SAE 
Handbook. The project was suggested by Mac O. Teetor in 
the SAE Journal, September, 1944. The original suggestion is 
shown in Fig. 8-1 and Fig. 8-2 herewith. These terms are 
generally used with some modification by all writers. 

Fundamental ftmction of piston rings. It may be said that 
the piston and the cylinder are a pair of elements, one working in 
the other, the piston sealing being done by rings. The difference 
in diameter of the working piston and the fixed cylinder is 
sufficient to allow for free movement under operating conditions. 
The function of the rings is to prevent leakage between the piston 
and the cylinder when operating under pressures of eompression 
and combustion. 

Piston rings must have flexibility. In order to accommodate 
itself to the irregularities and uneven wear of the liner, the ring 
must have a certain “spring” or flexibility, and also be able to 
exert an adequate pressure against the cylinder wall and against 
the land of the groove. The tension of the ring and its flexi¬ 
bility are two characteristics very closely related. 

Tension or pressure. The tension or spring of the ring must 
be predetermined. It ranges from 5 to 8 psi and sometimes 
higher. The ring should have only the tension necessary to 
perform its work. Too much tension makes it difficult to 
spring the ring apart to slip it over the piston without breakage 
or distortion. This tension is built into the ring by the manu- 
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facturers. Whatever the method used to impart tension to the 
ring, it must exert a uniform pressure around the cylinder. 

The method used to impart tension to the ring is hammering, 
rolling, and casting in an out-of-round form. The purpose of 







Proposbd Nambb 

30. Side 

32. P’ace 

34. Back 

35. End« 

36. Free gap 

41. Scraper 

42. Taper face 

43. Bevel 

44. CompresHcd gap 

45. Keystone 

46. Multipiece 

A. Rail 

B. Ventilated siiaecT 

C. Expander 

D. Shim 

47. Ventilated oil 

(Drilled or slotted) 
D, Flange 
E3. Channel 

48. Grooved 

50. Bevel scraper 

51. Double taper 

52 Inverted bevel 

53 Counterbored 

54. Inside bevel 

55. Single hook 

56. Double hook 

Proposed Dimensional 
Terms: 

31. Width 

33. Wall 

37. Side clearance 

38. Back clearance 

39. End clearance 


Fig. 8-1. Piston ring nomenclature recommended by the SAE General Standards 
Committee and published in the SAE Handbook. 


any method is to control uniformly the pressure that the ring 
exerts from point to point around its circumference. When a 
ring does not exert uniform bearing pressure even during the 
wearing-in period, brown or burned spots will be found on the 
rings where the pressure is too low and blow-by occurs. 



PiioposED Names: 

2. Head 

3. Top land 

4. 2nd land 

5. Ring groove bottom 
(>. 3rd land 

7. Chamfer 

8. Horizontal slot 

9. Pin boss 
JO, Piston pin 

11. Pin hole 

12. Skirt ring groove 


14. Bottom rib 

15. Ring groove pafl 

16. Major thriis^. faei* 

17. Skirt 

18. Skirt relief 

19. Vertical slot 

20. Oil drain holes 

21. Ring belt 

22. Ring groove si<h^ 

23. Oil ring groov'e 

24. 2nd ring groove 

25. Top ring groove 

26. Heat dam 
58. Pin bushing 


59. 'P-slot 

60. U-sIot 

62. Minor thrust face 

63. Slipi)ers 

I’lioeosED Dimensional 
Terms: 

1. Land diameter 
29. Groove bottom dianu^ter 
40. Land clearance 
57. Minor diameter 

68. Groove depth 

69. Groove width 

70. Major diameter 


Fig. 8-2. Automotive engine piston nomenelature recommended by the SAE 
General Standards Committee and published in the SAE Handbook, 
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Piston ring friction. Rings operate with considerable 
friction, even with proper lubrication. The tension exerted 
by the ring, plus the pressure of the gas behind the ring, forces it 
against the cylinder wall with considerable pressure, usuall>^ 
close to that existing in the cylinder above the piston. This 
pressure caused by the gas is greatest for about 15 per cent 
of the piston travel measuring from the firing stroke. The 
liner at the lower end of the piston stroke will liave little measur¬ 
able wear, wliich shows that the pressure of the ring against the 
cylinder liner is very little at the end of the ring travel. 

Sealing action of rings. The direct-sealing acdion of the 
ring by its bearing against the cylinder liner as a result of its 
tension alone would be insufficient for sealing the cylinder. The 
use of more than one ring, each ring in its turn partially holding 
the pressure leaking from the ring above, steps down the pres¬ 
sure to a low value, the number of rings depending on the type 
and design of engine. This is referred to as tlie “labyrinth 
principle,’^ the rings providing a tortuous path presenting 
resistance to the escaping pressure by forcing it out of a direct 
path into a labyrinth path. 

The gas pressure holds the ring down against the lower side 
of the ring groove, on the land, and at the same time, forces it 
out against the cylinder wall. The ring gaps are staggered - 
an arrangement that provides the restricted path in the space 
above and behind the ring. The gas pressure can pass from one 
ring gap to another only by transversing 180 deg of the ring 
circumference, back and forth. Thus the pressure continues to 
flow from ring gap to ring gap, each step reducing its velocity 
and therefore lowering its pressure. 

Number of rings per piston. When a sufficient number of 
rings are used, the pressure of the gas leaking past the piston 
and the last ring is negligible, and the amount of gas small, but 
even if the initial amount of leakage is considerable, the pressure 
is harmless. This assumes that the side and back clearances are 
kept at the right value and that the end gap or free gaps are 
not too great. When rings have proper fit, there is no harmful 
blow-up until the liner is worn beyond the permissible limit and 
allows too much free gap clearance. 

Seating of rings. A high polish on the wearing surface and 
the proper seating of the ring against the cylinder wall and on 
the land of the groove are extremely important. When the 
ring has seated properly, it has acquired a high polish. Then 
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only a small amount of gas can get between the ring and the 
cylinder wall to exert pressure tending to separate them. There 
is much greater pressure above the ring and behind it in the back 
clearance than between the ring and the cylinder liner wall, so 
that the ring will be held outward at all times unless there is the 
condition of ring flutter. 

Side clearance. This is the difference between the width 
of the ring groove and the thickness of the ring. This must 
be kept at the minimum consistent with proper freedom of the 
ring in the groove. It is the purpose of maintenance and 
inspection to keep it thus. The size of the piston and the posi¬ 
tion of the ring on the piston as well as other factors determine 
the side clearance, which may range from 0.002 to 0.007 in. 
When grooves are worn, or there is too much clearance, carbon 
accumulates in the back clearance, and between the ring and 
the top of the groove to a point where sticking can oc(!ur. 

Shouldering of the ring grooves. The enlargement of the 
ring groove width occurs after a long period of operation. 
It is said that the ring actually hammers out the metal of the ring 
groove land on account of the reciprocating motion of the 
piston. Once excessive side clearance exists as a result of 
gradual wear of the ring, the hammering-out action of the ring 
on the lower ring land increases rapidly; hence the need for 
replacing worn rings when the wear has been sufficient as deter¬ 
mined by experience. The rings hammer out a shoulder on 
the lower ring land owing to the fact that the radial depth of the 
ring is less than the radial depth of the groove to permit the 
movement of the ring, so that as the ring wears, the shoulder 
is formed. Such a shoulder interferes with the proper fitting 
of a new ring. The shoulder must be removed by machining-out 
of the groove to remove the shoulder so that an overwidth 
ring can be fitted. 

New rings should never be fitted in shouldered grooves. 
The ring wears away a width of metal exactly its own width while 
some metal is left standing near the bottom of the groove in the 
back clearance. When a new ring is fitted, its radial depth is 
greater than the worn ring removed, and thus the new ring 
will foul and stick on the shoulder left standing in the groove. 
This is the reasoii shoulders must be removed before new rings 
are fitted. 

Failure of rings to seat. If rings do not seat properly or 
for any reason there is serious blow-by, the hot gases flowing 
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between the piston and the cylinder wall will burn off the 
lubricating oil. When metal to metal contact follows, pistons 
seize and generally there is mechanical breakdown of the engine 
in short order. It is important that rings be properly fitted 
and seat adequately in a short time. 

Testing for leakage. The compressed-air test is used in 
air-starting engines to check on the tightness of the rings. 
The engine is placed on top dead center for one piston and the 



Fig. 8-3. Form for inspection of rings and ring lands deposits (A8MK Mechanical 
Engineering). (A form like this report form should be used.) 

starting air turns on, or air pressure is turned on the cylinder 
on the firing position. With an air-pressure gauge placed in 
the indicator cocks, the fall-in pressure, after the air is turned 
off, indicates the rapidity of leakage. If the rings are stuck, or 
not seating sufficiently to hold the pressure, the pressure will 
blow down rapidly when the starting air is cut off. The escape 
of air can be heard at the crankcase openings. 

These tests should be made immediately upon shutting down 
the engine since a cold engine may blow down quickly when 
in good condition. When very cold, the lubricant is sticky in 
the ring grooves, the rings are sluggish, and leakage is rapid. 
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Removing stuck rings. Taking the stuck rings off the 
piston is made easier by soaking the piston in kerosene, or by 
heating and boiling them for some time in soapy water. When 
the rings are burned in place and stuck with hard carbon and 
these methods do not loosen them, the rings must be broken out. 
A brass probe is used, together with a hammer. Using a chisel 
is not recommended, for this method damages ring grooves. 

Inspecting and installing rings. Unless the ring is perfectly 
flat, it may bind in the groove. Rings can be warped by han¬ 
dling or dropping. It is good practice before installing rings to 
place them on a surface plate or a piece of plate glass. One 
test is to lay pieces of cigarette paper under the ring around the 
circumference at several points. The delicate hand can deter¬ 
mine how much tension is exerted to pull the cigarette papers 
out. This method helps to determine whether the rings are 
bowed and fail to lay flat. 

The best procedure when installing rings is to go over the 
ring with a smooth file to remove the burrs and dirt from 
the edges of the ring, particularly removing the burrs from the 
inner edges and gap ends. The edges of the ring grooves 
should also be free and smooth; a used file can be applied to 
smooth them. Any dents or burrs should be removed from the 
ring lands on the piston. 

The rings should be cleanly wiped, with clean cloth, not 
with waste. Removal of dirt and foreign matter is important 
because small particles of dirt and grit will fill up the effective 
clearance and impair the freedom of the ring to move in its 
groove. 

Distortion of rings. It is necessary to avoid distorting tlie 
ring when it is being placed on the piston. The use of metal 
strips is practical for this purpose. Some operators use a ring 
pot for this work. 

Back clearance. The difference between the radial depth 
of tlie ring and that of its groove is the back clearance. This 
must be sufficient at all times to clear the ring when pushed 
down into the groove and enough to prevent the ring bearing 
hard against the liner, even with some carbon formed behind 
this ring. If the ring projects beyond the piston when bottomed 
in the groove, the side thrust of the piston causes rapid wear 
of ring and liner. It is possible that much cylinder wear is trace¬ 
able to this condition, which occurs when the ring grooves 
are permitted to accumulate carbon in the back clearance space. 
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This formation of carbon should be cleaned out by pulling 
pistons as often as necessary. 

Gap clearance. Rings elongate or expand when warmed 
up in service, and the ends of butts will touch unless the gap 
or end clearance is kept sufficient to allow for this. The rings, 
when they toucli ends, form a 
solid, rigid arch around the cy¬ 
linder and break quickly, with 
scoring of the cylinder by par¬ 
tial seizing. Whenever rings 
are broken in operation, it is 
likely that the ends of the butts 
will show bright spots indicat¬ 
ing lack of clearance. Proper 
gap clearance depends upon the 
size of the engine and other 
factors. The rings should be 
fitted for end gap clearance 
at the smallest section of the 
cylinder, usually near the bottom 
of the ring travel. When the 
gap clearance is too large, there 
is a definite increase in l)low-by. 

Methods of reducing gap leakage. Since a large part of 
tlie total amount of gas escaping the rings passes through the 
end gap, efforts to limit this have been made by the use of bevel 
or angle-cut, or step-cut design. A beveled ring may be fitted 
closer than a square-cut joint or a step-cut joint since the 
difference in dimensions of tlie gap is measured at right angles 
to it, and along the line of the piston, and the clearance may be 
less than for other joint types. This difference is very small, 
liowever, and therefore straight-cut or square-cut joints are often 
used for the sake of simplicity in manufacturing and servicing. 

Other methods to reduce gap leakage are the use of the two- 
piece and three-piece rings, especially in worn cylinders, sucli 
as the Double Seal ring and many types similar to it. Installa¬ 
tion of any of these special rings requires careful attention to 
the instructions for using them. Good results in worn cylinders 
are obtained with such rings when properly installed. 

Inspection of rings and ring grooves. Under actual service 
conditions, many problems of operation and maintenance are 
traced to the piston ring and ring groove conditions. Several 
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Fig. 8-4. lloport form for ring stick¬ 
ing inspection. 
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factors are related to ring troubles, or the result of ring troubles: 

1. Deposits, foreign matter, and abrasives. 

2. Faulty, incomplete lubrication and the use of poor 
lubricating oil unsuited to the engine design. 

3. Abuse of engine, overload, and so on. 

4. Blow-by caused by worn rings and grooves. 

When pistons are pulled for inspection and overhaul, a 
careful examination of the rings is made, and a study of the data 
and their relation to the factors involved in ring troubles reveals 
causes that can be eliminated. There are sufficient and good 
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Fig. 8-5. Report form for deposits above top ring. 


reasons for making these careful inspections and attempting to 
evaluate the data observed, which will become more apparent 
as the inspection progresses. The object of such inspection 
is to find the basic reasons for the troubles. The inspector looks 
for the following evidence when the rings are inspected: 

1. Lack of lubrication. 

2. Corrosion of engine parts and rings. 

3. Ring sticking and clogging of oil channels. 

4. Excessive ring wear, including breakage. 

5. Excessive carbon deposits, lacquer formation, and deposits 
in ring grooves. 

The piston and rings are carefully examined, and observa¬ 
tions are made for the following items, which are steps in the 
inspection procedure: 

1. Ring groove deposits. 

2. Piston land deposits. 
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3. Amount of deposits above the top ring. 

4. Deposits in the oil ring slots and holes. 

6. Sludge deposits in the lubricating oil system. 

6. Sludge and lacquer on the piston, liner, and so on. 

7. Scuffing and scoring of the liner. 

8. Cylinder liner wear. 

9. Top ring wear. 

10. Corrosion of parts. 

Suitable forms for making records of the inspection are 
suggested. Some forms are given here to indicate the extent 
of the attention that may be given this phase of engine main¬ 
tenance. These have been used for recording endurance test 
data on lubricating oil, rings, and the like. 

Ring sticking. When pistons are pulled for ring inspection, 
a careful procedure should be followed in making visual observa¬ 
tions and a study of the condition of the engine, and the rings. 
The performance of the lubricating system, the operation 
of the engine in general, and the question of a top overhaul are 
involved. Engine cleanliness is the desirable condition. The 
engine is either clean and the piston and rings are operating 
satisfactorily without undue wear, or it is at some stage between 
the clean condition and the worst condition that could be 
expected. The necessary observations to be made and the 
method of indicating these observations on a report form widely 
used in engine testing and operation is indicated in the illustra¬ 
tions of the report. A glance at this report shows: 

1. That one of these rings is entirely free in the grooves. 

2. That one ring is stuck on the second quadrant, two rings 
are pinched, one sluggish, and one may be considered free. 

3. The deposits range from medium-hard carbon on the ring 
land to hard carbon, very thin on each of the four sides or 
quadrants. This is ring No. 1. As other rings are inspected, 
the deposits on the rings and ring grooves range from hard 
carbon to light lacquer for the sixth ring. The condition of the 
area above the top ring on the piston is also indicated as having 
deposits of medium carbon, hard carbon, and very thick, 
soft carbon. Moreover, it is scuffed in some places and has 
deep scores in other places. 

Degree of ring sticking. It may be noticed that the rings are 
free, sluggish, pinched, or stuck. The location of the condition 
as well as the nature of the deposit is also indicated. The 
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explanations of the various conditions are given in the following 
outline: 

a. A free ring is one that falls in its groove of its own weight 
when the piston is moved from the vertical to a horizontal. 
Unless it does so, it is: 

b. Sluggish, in which case it will not fall of its own weight 
when the piston is moved from a vertical to a horizontal position, 
hut is easy to move with moderate finger pressure. If it is 
not, it is: 



Fig. 8-6. Installation of piston rings, showing use of piston ring tool. 


c. Pinched. In this condition it does not move in its gi*oo\'c 
under moderate finger pressure, but it will have a bright or well- 
polished face, an indication that it is essentially still free during 
operation, but that deposits are at a maximum in the groove. 

d. A stuck ring is one that does not move under moderate 
pressure, and, at the same time, its face is covered with lacquer, 
or carbon deposits of various thicknesses appear over any or 
all parts of its circumference. It may be partially or completely 
stuck, as a result of these deposits, warped conditions, and so on. 
A stuck ring does not move in its groove and does not bear 
against the cylinder wall during the operation of the engine. 
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Deposits above the top ring. Tlie deposit above the top ring 
is very closely related to the combustion efficiency and the 
tendency of the lubricating oil to form carbon. The deposit 
may be slight and unimportant, or it may be in any condition 
ranging up to a point where the area above the top ring is 
covered 100 per cent with thick, liard carbon or lacquer com¬ 
pletely fills the clearance space between the piston and cylinder. 
The percentage of the area covered by these deposits as well as 
the nature of the deposits themselves is noted. The thickness 
of the deposits is also observed. This may range from a thin 
coating taking up about one fourth of the clearance between the 
piston and cylinder to a medium-thick coating, about three 
fourths of the clearance, or to a thick coating, completely filling 
t he clearance space. The characteristics of the deposits should 
also be noted. These will range from soft carbon, medium-hard 
carbon, lacquer, to hard (brittle) carbon. 

Ring groove deposits. The circumferential area of the inner 
wall of the groove may be covered 100 per cent with thick, 
hard carbon or lacquer, or it may be clean and free of deposits. 
The thickness of the deposits should be determined at four 
positions on the inner wall of the groove in the same manner 
as indicated for the rings. The percentage of the area covered 
should be noted. Again here the thickness of the deposits 
should be noted and will be (1) clean, (2) very thin, (3) thin, (4) 
medium-thick, or (5) thick. The character of the deposit will 
be (1) light lacquer, (2) soft, oily sludge, (3) soft carbon, (4) 
medium-hard (flaky) carbon, or (5) hard (brittle) carbon. 

Piston land deposits. The area of the lands between the 
compression rings is either clean or covered with thick, hard 
(iarbon, lacquer, medium carbon in a condition that may be 
described as very thin, thin, medium-thick, or thick. These 
conditions have the same meaning as for the area above the 
top ring as to relation of the thickness of the deposit to the 
clearance between the piston and the cylinder. 

Compression ring wear. It is considered important to 
determine during an inspection of the cylinder and piston the 
amount and rate of wear of the compression rings. The top 
ring is weighed and the percentage of loss in weight computed 
on the basis of 1000 hr of engine operation, For small engines 
of less than 300 hp, this should be less than 10 per cent loss in 
weight over its original weight. A number of top rings should 
be weighed and a number of new rings weighed and the loss 
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computed on the basis of the lOOO-hr period. For larger 
engines, another method may be used. The maximum rate of 
wear should be when the percentage of assembled butt-clearance 
increase of the compression ring in the top groove becomes 300 
per cent of its original value, computed on the basis of 1000 hr 
of engine operation. Excluding the initial wear-in operation 
period, the first check should be made after not more than 450 hr 
of actual operation. When it is desired to check the wear very 



F'la. 8-7. Use of feeler gauge to measure side clearance. 


carefully and accurately during the first few months of operation 
of a new engine, the check can be repeated every 250 hr or 
oftener. When a new ring design test or a test for the merits of 
a lubricating oil is desired, careful measurement of ring wear is 
important. 

Scuffing above the top ring. The worst condition usually 
found is that the entire area above the top ring is deeply scuffed. 
Engines that have any of this area scuffed to any considerable 
extent are far from operating satisfactorily. The scuffing may 
be “light” or “deep” and should be so indicated and shown on 
the report. When this part of the piston is scuffed or scored 
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deeply, the engine piston is running hot and may be distorted 
or expanded, as a result of heat, to such an extent that it must be 
replaced to avoid continued damage to the cylinder liner. 

Analysis of inspection reports. It is obvious that several 
uses can be made of the data that result from such a step-by-step 
inspection of the piston and rings. The following are among the 
obvious things that can be done: 

1. The period between inspections and overhaul can be more 
accurately determined. 

2. The rate of wear and the need of replacement of rings 
can be determined. 

3. The suitability of the lubricating oil, the fuel oil, and the 
engine application would be indicated over a period of time. 

4. Under some circumstances, it would be advisable to make 
such information available to the engine builder, who can 
advise steps to be taken in the event of a definitely unsatisfactory 
operation. 

5. These observations of conditions of the engine piston 
and rings have a definite relation to the kind of lubricating 
oil used and the service it is giving. The supplier of the oil 
would immediately advise concerning a change in specifications 
in the event that the operation was not satisfactory or the oil 
was not giving good performance. 

It is evident that careful inspection and use of the resulting 
data contribute importantly to satisfactory and economical 

TABLE 8-1 

Piston Rings—Gap and Side Cleakanckb 
(General Motork Marine Engine) 

Amount of (Uearance 

0.030-0.050 in. 

0.100 ill. (maximum) 

0.030-0.050 in. 

0.100 in. (maximum) 

0.008-0.0105 in. (1st and 2nd rings 
from top) 

0.020 in. 

0.002-0.0045 in. 

0.020 in. (maximum) 

0.004-0.0065 in. (3rd, 4th, 5th rings 
from top) 

Note: These clearances are typical of a number of engines of this size and speed 
(a 9.50-in. piston, operating at 7^ rpm). 


Clearance 

1. Oil control—gap clearance (new). 

Oil control—gap clearance (worn).. . . 

2. Compression—gap clearance (new).. . . 
Compression—gap clearance (worn). . . 

3. Compression—side clearance (new)... 

Compression—side clearance (worn).. 

4. Oil control—side clearance (new). 

Oil control—side clearance (worn). 

5. Compression—side clearance (new)- 
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operation. Any maintenance man or engine operator can 
accumulate such data with’ very little additional effort when 
provided with the ne(!essary instructions and forms for recording 
the same. All piston ring gap and side clearances should be 
checked each time the rings are inspected. 

It should be specially observed that the side clearance is 
due both to the wear on the rings and ring groove lands. It is 
essential to know what part of ihe clearance is due to groove 
wear and what amount is due to ring wear. It is obvious that 
when the ring grooves have been worn 50 per cent of the maxi¬ 
mum allowable clearance for a worn ring, the new ring installed 
will give only half the service that it would in a new ring groove. 
As the ring grooves wear, the life expectancy of the rings becomes 
less. 

TABLE 8-2 

Piston to Liner (Clearance 
(General Motors Marine Engine) 


Glearance (new) 


Amount of 
Glearance 


At top of piston. 0.079-0.0825 in. 

Between 4th and 5th ring grooves... 0.0505-0.0525 in. 

Junction of taper below 5th ring. 0.0385-0.0405 in. 

Bottom of lower taper at lower end. 0.0315-0.0335 in. 


From the data in the above table, it can be seen that checking 
piston to cylinder clearance against the tliickness of the deposit 
on the piston above tlie top ring and the piston land and the ring 
groove should be accurately determined. Once this clearance 
space fills up with carbon or sluggish lacquer, the piston drags 
and fails to dissipate heat, and the condition, if it continues, 
contributes to ring sticking. Carbon deposits on these areas 
function as heat insulators,-preventing adequate cooling of the 
piston and rings. It has been said that the section of the 
piston carrying the rings dissipates around 50 to 60 per cent of 
the heat that must leave this section of the piston. The 
balance of the heat absorbed by this part of the piston must 
be radiated to the cooling jackets by transfer direct from the 
piston to the liner wall, and to some extent, to the lubricating oil. 
Reducing the capacity of the piston to dissipate heat endangers 
the operation. It is therefore obvious that keeping the piston 
comparatively free of deposits better insures satisfactory 
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operation by permitting cooler operation and balanced heat 
disposal. 

Many small engines have top rings installed with side clear¬ 
ance of 0.002 toO.003 in. with pistons between 3 and 5 in. in diam¬ 
eter. A minimum rule is a clearance of 0.004 in. per inch of 
piston diameter (and for some of the older, large slow-speed, 
heavy-duty engines, as much as 0.006 in. per inch of diameter) for 
the top ring of large engines. This would be from 0.040 to 0.060 
in. for a 10-in. diameter piston. 

A difference in temperature of 200 to 300° F between the 
piston and the cylinder wall is not uncommon in Diesel engine 
operation. Since the rings will attain about the same tempera¬ 
ture as the piston, especially the top ring, and since the tempera¬ 
ture of the cylinder wall is not less than that of the cooling 
water, the ring temperature is certainly around 320° F. Should 
this temperature increase as a result of insulating deposits and 
encrustations in the grooves, on the lands, and above the top 
ring, and reach a value of 400° F, most lubricating oil would 
begin to break down and form carbon. The heat and the 
temperature effects caused by piston deposits are progressive; 
a slight increase in the thickness of the deposits will give an 
increasingly large rise in piston and ring temperature. The 
temperature soon reaches the point where the lubricating oil 
is baked, forming gummy deposits of lacquer and eventually hard 
carbon, sticking the rings, and contributing to a condition of 
unsatisfactory operation. 

Cleaning carbon deposits. In the early days of the Diesel 
engine, cleaning the carbon deposits was a frequent occurrence. 
Modern design has reduced this to a low value, but the 
engine must be properly operated and preventive maintenance 
observed, for removal of deposits is one of the chief reasons 
for a schedule of inspection and preventive maintenance. 

Vibration or ring flutter. In some cases, it has been reported 
that ring failure and ring troubles are due to vibration or 
flutter. The rings are forced by contributory vibration to 
reach a periodic vibration. When a ring attains this periodic; 
vibration, it is said to remain in constant radial movement 
between the cylinder wall and the bottom of the groove. This 
permits explosion pressures to pass the rings, and also permits 
oil to get into the combustion chamber. Well-fitted rings with 
minimum clearance are less likely to behave in this manner. 
It is doubtful if the condition described is verv common, 
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but it is a matter for consideration if breakage occurs without 
an obvious cause being evident. Any absolute evidence of this 
kind would be confined to the high-speed Diesel engine. Too 
little gap clearance is usually the cause of breakage of rings in 
operation. When these engines are started, the rings absorb 
heat more quickly than the cylinder liner expands; the ends 



Fig. 8-8. Complete piston assembly (Heiuly ScTies 50 engine). Oil-eool(Hi 
pistons improve ring and cylinder life, so that rings nin cooler. Heavy ribs of 
the underside of the piston crown promote rapid heat transfer to th(^ oil. The 
cooling chamber in the piston head is designed to remain half full of oil under all 
conditions of operation. 


butt and break. It is true that the inertia forces of the ring 
mass tend to throw the rings away from the groove during the 
latter part of the stroke and the first part of the returning stroke. 
This is negligible in engines with low piston speed and equipped 
with narrow rings, and it is likely that the rings remain in the 
position required during the compression and expansion stroke. 
However, if the rings do leave their seats near the end of the 
piston stroke, owing to the inertia of the heavy rings, there 
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will be some gas leakage between the rings and the groove seats. 
This would usually be mistaken for blow-by through the gaps, 
especially when it is suflBcient to cause a loss of power. A 
cylinder and piston, with grooves in good condition and with 
rings in intimate contact with the cylinder wall, should have 
very little blow-by past the face of the rings if these rings do not 
vibrate in and out of the grooves. Blow-by between the butts 
of the rings is comparatively small and in.significant in its effect 
upon the lubricating oil film as compared with the leakage 
between the face of the rings and cylinder wall, if indeed this 
should occur. The matter is worthy of investigation when 
there is evidence of its occurrence. 

Special ring designs. Many special designs of piston rings 
are offered as a solution to the problem of holding the compres¬ 
sion in Diesel engines, especially with worn cylinders. Such 
rings are usually wider tlian plain rings, and special groove width 
should be provided to use them. These rings also cost more 
than plain rings, but in many (^ases, the cost is insignificant in 
comparison with the additional life that may be obtained from 
worn liners and pistons when such rings as the one-piece Double 
Seal type are used. The gap clearance is no longer a question 
with these gap-sealing designs—the feature which justifies 
their use in worn cylinders. They are designed to seal the gap 
as well as the groove of the piston. The installation of such 
rings is more important than that of plain rings. They must 
be installed in the proper grooves and should not be placed 
upside down. It must also be determined whether they can be 
used in the top groove and how many are needed in addition to 
plain rings, since some plain rings can usually be used in con¬ 
junction with the sealing-type ring. 

Installation procedure. The installation of piston rings 
with a lack of sufficient side clearance in the top groove may 
result in the rings sticking and, very often, breaking in a very 
short time. Another factor that can cause breakage of pis¬ 
ton rings is the installation of the rings with a lack of sufficient 
end clearance. Piston ring lands are easily fractured by remov¬ 
ing the piston from the cylinder without removing the ridge at 
the top of the cylinder. When the engine cyhnder has been 
badly worn, leaving a considerable ridge at the top of the 
cylinder, and the piston is pushed past this ridge, the breakage 
or fracture of the ring land between the first and second rings 
may occur. 
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In order to avoid ring and ring groove land breakage from 
these sources a few simple precautions are necessary: 

1. Remove the ridge from the top of the cylinder before 
removing the piston to prevent breakage of the ring land on the 
piston caused by striking on this ridge. 

2. Determine whether the ring grooves in the piston are 
worn and whether the wear is excessive. Check to determine 
whether the sides of the ring grooves are straight and free from 
uneven spots, nicks, or burrs. 

3. Install only rings manufactured by reputable manu¬ 
facturers of high-quality rings. 

4. Fit the rings with proper side clearance for all the grooves 
and check in accordance with the clearance allowance specified 
by the manufacturer of the engine. Use proper but minimum 
end clearance for all rings on the piston. 

5. When installing pistons in the cylinder, make sure that the 
rings do not strike the top of the cylinder block when tlie piston 
is forced in. Make sure tliat the rings are not damaged when 
they are 'closed in the ring clamp or other device used to get 
them into the cylinder. 

6. Make sure that the engine operates without too much 
detonation and vibration. Detonation is closely related to ring 
breakage and piston fracture. 

Summary of maintenance procedure. Consult the instruc¬ 
tion book for exact procedure in all cases of maintenance. 
Take time to examine the rings and ring grooves, to measure 
the wear, and to determine, if possible, whether tlie troubles 
existing may be remedied. The following helpful suggestions 
may be considered: 

i. Rule for clearances. Three kinds of piston ring clearances 
have been discussed: (1) the clearance between the ends of 
the rings at the gap, (2) tlie clearance between the ring and the 
sides of the groove, and (3) the radial clearance between the 
back of the ring and the bottom of the groove. A general rule 
has been proposed that the gap clearance for fire and compression 
rings should be from 0.006 to 0.0075 in. per inch of ring diam¬ 
eter. This indicates a clearance of 0.50 to 0.075 in. for a 
10-in. diameter cylinder. This may be checked with the data 
given in previous chapters for slow-speed and high-speed 
engines. The gap clearance for step-cut and two-piece rings is 
usually somewhat larger. When rings have the overlapping 
ends, ring gap clearance is not so important. Rings for oil 
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control located below the piston pin can he fitted with gaps 
as small as 0.003 in. per inch of diameter. 

The gap clearance can be determined by inserting the ring 
in the smallest or least worn part of the cylinder bore and 
measuring the gap by means of the feeler gauge. Remove the 
excess metal by filing off until the proper gap is obtained. 

2. Effect of insufficient side clearances. When the side 
clearance of the ring is insufficient, the ring cannot adjust itself 
to the movement required to perform its function in sealing the 
bore, and will become carbonized and subject to sticking. 
Excessive clearance, on the other hand, especially in the 4-cycle 
engines permits the ring to hammer against the groove lands. 
This occurs on account of the reversal of forces between the 
exhaust and intake strokes; the inertia of the ring causes it to 
leave the land alternately during the period of the cycle. The 
rings lift from the bottom of the land groove and click against 
the top, an action that can sometimes be heard by careful 
listening near the ring zone. When the clearance is great, the 
movement will be heard as an intense hammering. The result 
is worn shoulders in the groove. Special designs and operating 
conditions cause variations from the rule for clearances. Gener¬ 
ally speaking, greater clearances are permitted for 2-cycle 
engines, since 2-cycle rings usually do not leave the bottom 
land of the groove. For any particular engine, the instruction 
book gives the exact data for clearance. 

S. Rule for radial clearance. Tlie rule for compression 
rings generally requires that the radial clearance should not be 
less than 0.003 in. per inch of piston diameter, and not less than 
0.012 in. total for pistons of 4-in. diameter and below. More 
radial clearance is usually permitted for oil-control rings—not 
less than 0.006 in. per inch diameter, but not less than 0.032 in. 
total for pistons of 5-in. diameter and smaller. 

Checking diametrical tension. The force exerted to pull 
across the ring diameter, taken at 90 deg from the gap, to 
close the gap to its proper size or clearance is the diametrical 
tension. This can be determined by standing the ring upon a 
scale platform, with the gap at the horizontal diameter, then 
adding weights to the top of the ring until the gap closes to the 
fitted clearance. When the weight of the ring is subtracted from 
the scale reading, the result is the diametrical tension in pounds. 
Diametrical tension may be specified, but the ''tangential 
tension^’ should also be known. This latter is the pull required 
on the ends of the ring to reduce the gap to the fitted clearance. 
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This pull can be determined by winding a wire around the ring, 
attaching a spring scale to the loose end, and pulling on the 
other until the gap clearance is correct. Correct ring tension 
will vary with ring thickness and diameter. For example, the 
diametrical tension for one ring of 3^-in. face and 10-in. diameter 
was found to be between 55 and 65 lb, while another ring of 
:^^-in. face and 10-in. diameter had a tension of 90 lb. 

In the ring maintenance and inspection reports should be 
kept records of the original tension, as well as all clearances, the 
length of the diameters taken through the gap and at right 
angles to the gap, measured when the ring is pulled up to the 
fitted gap clearances. Keep a record of these various measure¬ 
ments to compare with tests when inspecting rings at the 
maintenance period when new measurements are taken. 

Loosening stuck rings. Stuck rings may be reclaimed when 
tests indicate that the wear and ring tension are acceptable. 
When rings are so badly carbonized and stuck in the grooves 
that special effort is necessary to remove them, check for tension. 
The piston should be removed from the engine; it should be 
washed with a solution of one pound of lye to three gallons of 
boiling water. When the rings spring out free, wash off the 
solution immediately, and remove the rings. If the rings remain 
stuck, the piston may be soaked several hours in the solution. 
When any ring is so badly stuck that it cannot be removed or 
loosened, it is necessary to break it out. Sometimes the ring 
groove is damaged unless care is used in breaking it out. Screw 
drivers and chisels are dangerous tools for this purpose; use 
wood or brass. When the ring is loosened, the ends should 
be separated until a thin strip of brass or steel can be inserted 
under the ring to work it over the piston. The rings removed 
should be cleaned and any burrs removed with a smooth file. 
Check the rings on a face plate to determine whether they have 
been strained or warped into a spiral shape. The measurements 
for tension should then be compared with data for new rings. 

Fitting rings to the grooves. Great care must be taken to 
make sure that ring grooves are true. When there are any 
shoulders in the grooves or any wear that makes the grooves 
out of true and parallel, the piston must be set up in a lathe and 
the grooves turned true. Each ring should be tried in its own 
groove by rolling it, face in, completely around the piston. 
The radial clearance must be checked at various points by 
placing a straight edge across the groove and inserting feeler 
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gauges between the ring and the straight edge. The side 
clearance is also checked by a feeler gauge. If an obstruction 
or binding is indicated, correct it before installing the ring. 
When the rings and grooves are cleaned, the use of a cloth, 
and not waste, is recommended so that no lint is left on the metal 
surfaces. Apply a thin coating of lubricating oil to the ring, 
work it over brass or steel strips to its proper groove. The ring 
should be installed with its proper side up and in the groove in 
which it was fitted to work. After rings are in place, again 
check to see that each is free in the grooves. Use proper method 
to enter the rings in the bore as the piston is lowered. 

Well-fitted piston rings, free in their grooves, with correct 
clearances, are prerequisites to good engine operation, low 
maintenance cost, and good fuel economy. Poorly fitted rings 
usually result in increase in blow-by, impaired cylinder lubrica¬ 
tion, and these in turn a(!celerate wear of the liner. The rings 
carbonize, liners are scored, compression is lost, contamination 
of the lubricating oil occurs, and loss of power is noticed. 
All of these troubles may be directly due to improperly fitted 
rings. When rings are properly fitted, then other causes for 
troubles with rings may be explored. 

Summary and check list of ring sticking. When piston ring 
problems must be dealt with, a considerable number of related 
facts and causes that contribute to this problem will require 
careful study and a survey of engine operation in general. The 
following serves as a guide and check list for the procedure 
necessary to locate the causes of the trouble: 

1. Blow-by 

a. Due to piston distortion, which in turn may be due to 
(1) overheated piston or (2) misalignment 

b. Cylinder distortion, which may be caused by insuflB- 
cient cooling-water circulation 

2. Rough or scored cylinder walls 

a. Worn cylinders 

b. Worn or distorted pistons 

3. Worn piston rings 

4. Excessive top piston land clearance 

5. Weak piston rings, lack of tension 

6. Insufficient ring groove clearance 

7. Improper quality or grade of lubricating oil 

8. Carbon from combustion troubles 
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9. Dust from the air accumulated in the combustion 
chamber 

10. High piston ring temperature caused by: 

a. Engine operating at overload 

b. Incorrect lubricating oil viscosity 

c. Insufficient lubrication 

d. Insufficient jacket or piston cooling 

e. Lack of cooling water 

f. Scale in water jackets giving high jacket temperature 

11. Defective valve action due to 

a. Warped valves 

b. Sticking valves, and so on. 

Sometimes when an oil ring becomes filled with deposits so 
that the oil control is no longer adequate, the large quantities of 
lubricating oil reaching the compression rings cause them to 
stick in their grooves, and excessive blow-by sets in. The 
deposits in the oil rings occurred in the first place on account 
of blow-by caused by cylinder distortion if an improper liner 
installation was made. This permitted the hot gases to reach 
tlie control rings, solidifying the deposits constantly present 
at the oil control rings, burning the oil, and thereby making 
additional deposits, which rapidly filled the oil-control rings. 

REFERENCES 

Piston Ring Handbook, Double Seal Ring Co., Fort Worth, Texas, 1940. 
Piston Ring Handbook, American Hammered Ring Co., New York, 
N.Y., 1945 

Diesel Engine Operation ami Maintenance, Texas Company, New York, 
N.Y., 1945 


QUESTIONS 

1. Name the fundamental functions of the piston rings. 

2. Why must the piston ring have flexibility? 

3. How is flexibility built into the piston ring? 

4. What are the methods of imparting tension to the rings? 

5. What causes the piston rings to exert frictional pressure? 

6. Describe the labj^rinth principle. 

7. How does the gas pressure affect the iv^all pressure of the piston 
ring? 
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8. Why: are a number of rings used, when one or two hold the com¬ 
pression? 

9. What is the function of high polish and its relation to the proper 
seating of the ring? 

10. What is side clearance? 

11. How is side clearance determined or measured? 

12. What causes the ring to hammer out the ring groove? 

13. What causes the shouldering of the bottom of the groove? 

14. What is to be done when there are shoulders worn in the ring 
land? 

15. Why cannot rings function properly when the ring groove is 
shouldered ? 

16. W^hat causes stuck rings? 

17. What follows when rings do not seat properly? How is this 
detected? 

18. What methods are recommended to test ring leakage? 

19. What is the evidence that the rings are stuck? 

20. When should the test for ring leakage be made? 

21. How are hard-stuck rings removed from the piston? 

22. Explain the method of testing the flatness of rings. 

23. What is the procedure in installing piston rings as to inspection 
and smoothing piston ring edges? 

24. Why should the rings be cleaned before installation, and what 
is used to clean them? 

25. How can ring distortion during installation be prevented? 

26. What is the bottom clearance and how mucdi is necessary? 

27. What is the effect of insufficient clearance in the bottom of the 
groove? 

28. What is end butt or joint clearance? 

29. How is suitable end clearance determined for plain rings, for 
bevel cut rings, and for step-cut rings? 

30. What are some of the methods of reducing gap leakage? 

31. What are some of the designs used to reduce gap leakage? 

32. Does the installation of special rings require special attention 
as to which side is down? 



CHAPTER 9 


PISTON AND LINER MAINTENANCE 


In the previous chapter, the related factors concerning the 
efficiency and the lubrication of the piston and rings were 
mentioned. A further study of these factors in connection with 
pistons and liners will help the operator to understand the 
application of methods now widely used to cope with the prob¬ 
lems of maintenance. 

Aluminum pistons are used in many of the high-speed 
Diesel engines and, to some extent, in the medium heavy-duty 
types. Experience with aluminum pistons has accumulated 
and the designs are highly developed. The advantages of 
aluminum pistons, however, can be offset by drawbacks in the 
design of the engine itself or of its combustion system. 

The use of special materials in pistons and liners instead of 
cast iron has rendered the operation of the Diesel engine more 
efficient and reliable, and many modern designs have been 
completely worked out and developed. The operating engineer 
and maintenance expert is concerned with engine performance 
in the field, but it is a help when he understands the influence 
of these various features of design upon the operating condition 
and performance. It has been shown that engines are now built 
with cylinder liners made of metal other than cast iron, chiefly 
to reduce wear and to secure better cooling and more efficient 
lubrication. There is also an increasing use of chrome- and 
nickel-alloy steels for this purpose, and greatly increased effi¬ 
ciency and added endurance have resulted. 

Heat stresses. The piston, cylinder, and liner are subject 
to severe heat stresses imposed by pressure and temperature. 
These stresses, resulting from power pressures and friction, 
are the most severe of any in the engine, and the working 

242 
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conditions involved require corresponding study and under¬ 
standing. These parts cannot receive perfect lubrication, on 
account of the high temperature and exposure to the products of 
combustion. The operation is nerer ideal. The adverse factors 
and influences are now enumerated. 

Heat stagnation. Whenever the heat is not eliminated as 
rapidly by cooling as it is absorbed by the piston, the engine 
ceases to be an efficient and reliable machine. The total heat 
received by the piston must be dissipated to the cooling water 



Fig. 9-1. Cross section of Diesel engine, show'ing wet-type liner, oil-cooled piston, 
marine-type connecting rod, force-feed lubrication, and overhead valves. 


through the rings and by radiation. When there is any part 
of the piston where heat stagnates or accumulates, this part 
rises rapidly in temperature, excessively expanding the metal 
in the hot area, a condition usually followed by seizing of the 
piston. The formation of carbon deposits on the piston and the 
accumulation of scale in the water-cooling jacket will cause 
pistons to overheat. If for any other reason the piston becomes 
thermally overloaded, scoring of the liner, distortion of the 
piston, fractures in the crown, and complete or partial sticking 
of the rings result. Moreover, there is a lowered volumetric 
efficiency and falling off of the capacity of the engine to develop 
its rated load. 
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Distortion. On account of the abnormally high heat and 
the resulting expansion, the forces exerted by the piston, and 
the wedging action of the piston pin, all pistons are distorted; 
and high spots are found on the surface of the piston, which 
prevent the piston from bearing completely against the cylinder 
wall. The excessive pressure on these high spots eventually 
breaks down the film of lubricating oil, permitting metal- 
to-metal contact. When these high spots are small, they may 
eventually wear down to the surface level and polish out; how¬ 
ever, when the heat cannot be dissipated sufficiently, the metal 
temperature rises quickly, burns or thins the lubricating oil, 
and destroys the film. Additional lieat stagnation causes 
swelling and ^^mlgiiig’^ of the piston. When only these high 
spots carry the friction load, with other parts of the cylinder 
not carrying their proper bearing load, the high friction in the 
piston contact is also converted to heat, and the temperature is 
soon high enough to cause seizure. 

Seizure. It is evident that a very bad or severe seizure can 
occur in a very few revolutions because the mechanical energy 
available for conversion to heat is very great. Whenever the 
piston once starts to seize, it may freeze in place quickly and so 
solidly that great effort is required to remove it from the cylinder. 
A great deal of hard work with a powerful jack is then in order. 
The metal surfaces have become so highly heated that they are 
practically welded together by the heat at the moment of seizure. 
These seizures not only end in a ‘frozenpiston, l)ut may also 
twist the crankshaft and bend the connecting rod. 

A piston about to seize will be indicated by pounding and 
heavy laboring in the cylinder. The speed of the engine may 
commence to drop under the load, and this dragging will cause 
smoke. The engine should not ordinarily be shut down when 
about to seize, for this would result in freezing the piston. 
Instead, the load should be thrown off immediately when this 
condition is suspected. In the marine engine, tlie speed should 
be reduced to the lowest point that would keep the engine 
turning over, the fuel should be cut off the affected cylinder, 
the exhaust valve blocked open if possible, and the supply of 
lubricating oil increased on that cylinder as quickly as possible. 
To avoid freezing, the cooling water should be reduced for the 
affected chamber until it begins to boil to steam. This permits 
the piston and cylinder to expand evenly, allowing the piston 
more clearance to work more freely. After the engine has been 
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operated in this manner for a few moments, the affected cylinder 
will cool off so that the engine can be stopped, and the piston 
pulled for inspection. 

Repair of stuck pistons. Should the piston not be distorted 
too much and the liner not too severely scored, they may be 
repaired. Considerable time to do the work is required as well 
as experience and skill. The roughened areas and spots can be 
smoothed down with a carborundum stone with rounded corners. 
The finishing is usually done by means of a smoothing file. 
This operation is too often useless; the proper remedy is to 
rebore and refit an oversized piston or replace the liner and 
piston. The part of the liner and piston so smoothed by filing 
will be below the surface, and if in the zone of ring travel, the 
rings do not function over this repaired spot and lubrication 
is more diffictilt. 

It should be evident that when the high spots break down the 
film of lubricating oil and liberate the excessive heat, which 
cannot be dissipated to the cooling water from the affected 
area, the piston will probably score the liner. The cast iron 
swells and the structure becomes granular and scores away. 
The rings drag heavily on the cylinder wall, permitting engine 
output to be converted to heat by the friction at the high spots. 
The engine pounds, knocks, and the power falls off. The piston 
starts to seize beciause there are high spots opposite each other, 
one usually bulging first and fonring the piston out against the 
other side, so that it bears so liard that another high spot breaks 
through that side and scores it also. The piston is then wedged 
between the two spots on either side of the cylinder, a condition 
which can cause seizing or freezing, or even the stopping dead 
of the engine. This should be avoided at all costs. 

New pistons. Replacement pistons should be secured from 
the engine builder. Suitable pistons for Diesel engines may 
sometimes be obtained from repair shops that make the castings 
themselves. It is not permissible to depend upon an outside 
manufacturer for these parts. In many cases, the pistons are 
shipped by the engine builder for refitting to bored cylinders. 
These are in the rough or semifinished form and are turned down 
to proper size for the rebored cylinder. 

When fitting new pistons, especially to rebored cylinders, 
the working clearances should be determined accurately and 
carefully checked when the pistons are installed. Running 
in new pistons and rebored liners involves risks unless the 
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Fia. 9-2. Marine-type eoiineet- 
ing rod assembly of forged steel, 
with small end bronze bushed. The 
box is of extra rigid cast-steel 
construction; four alloy-steel fitted 
bolts hold the box to the foot of the 
rod. 


operator is experienced with the 
operation. If the liners and pis¬ 
tons have been properly fitted, 
and the surface of the cylinder 
is smooth, the engine should ^^run 
in’^ without undue risk and dif¬ 
ficulty provided the operator 
observes caution when placing 
the load on the engine. A par¬ 
tial load should be first applied ; 
a careful watch kept on the per¬ 
formance for some hours; and 
even after full load can be carried 
on the engine, it should have* 
careful attention for some days. 

Inspection of a piston while 
running in a new refitted job, 
or after the running-in, is very 
important. The piston should 
be pulled and examined care¬ 
fully for distortion, local high 
spots, improperly fitted piston 
rings, and the color of the piston 
crown due to heat. A new pis¬ 
ton, especially a green, improperly 
aged casting, will work satisfac¬ 
torily for a few days during the 
running-in period. After that, 
tlie alternate cooling and heating 
begins to distort the piston, the 
annealing effect of the heat 
causes the piston to change its 
shape, or swell,and sometimes 
cracks are found in the crown 
and in the ring belt area. If 
tlie casting was not seasoned or 
was not properly annealed after 
being cast, the piston will be 
green and therefore will warp. 
Such pistons eventually cause 
trouble by seizing, cracking, or 
scoring the liner. Pistons sup- 
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plied by the engine builder are seasoned and the castings 
annealed properly, but a repair shop casting may not be so 
carefully heat-treated. 

However, if distortion is determined quickly after the 
running-in, the high spots can be machined down, the roughness 
and raised metal smoothed down with a file or emery stone to 
insure continued reliability in operation. This measure would 
be expected whenever it is necessary to cast the pistons locally. 
The rebored liners should also receive a careful inspection. 
Wlien liners are rebored, they are held in a machine, which, 
on account of the strains of the heavy boring pressure, may 
distort the liner while it is being rebored. Therefore a liner may 
l)e out-of-round when released from the boring machine jigs. 

Inspection of liner. Accurate measurements and a careful 
inspection of the liner before replacement will reveal any dis¬ 
tortions due to reboring. This inspection should be made 
l)efore the liner is placed in the cylinder or the cylinder is 
installed on the engine. The measurements are taken of the 
diameter of the cylinder in both directions—parallel and across 
the crankshaft. Commencing near the top where the greatest 
wear occurs, measurements with inside micrometers should be 
made at different intervals down the full length of the liner 
bore. This information should be charted. 

Regular liner inspection and measurement should be made 
at the annual overhaul period, and if undue wear is taking 
place, the causes can be investigated. More than 0.001 in. per 
thousand hours of operation for a large engine indicates a need 
for investigation. Usually liners are replaced when the wear 
has exceeded 0.005 in. per inch of cylinder diameter, for example, 
0.050 in. for a 10-in. bore. Modern practice has become more 
conservative, as indicated by previous instructions given. 

Cylinder wear. The contributing factors of liner and 
piston wear may be more accurately determined when a careful 
record is kept. When the intimate history of the engine and 
the record of wear are kept, some progress may be made in 
associating the causes of wear. Reference has been made 
to piston ring records, inspection of the lubrication oil system, 
and so on. The wear on the piston and the cylinder should 
be known at all times by the operator as determined by inspec¬ 
tion and measurements. Only in so doing can he develop 
proper judgment as to how to reduce wear and when replace¬ 
ments are required to improve operating efficiency. 
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It is considered good practice to pull pistons and inspect the 
piston and liner at definite intervals. This depends, to some 
extent, upon the conditions of operation and the age of the 
engine. Whenever the engine gives trouble and the rings are 
known to stick easily, the pistons should be removed, the 
engine inspected, and the carbon cleaned. Whenever this is 



Fig. 9-3. Oil-cooled pi.stoiia. The pi.ston ht^ads are cooled by a jet of oil 
forced from the top of the connecting rods and impinging on the cooling ribs on 
the underside of the piston head. This helps to maintain correct piston tem¬ 
peratures and better lubrication of the rings and liners and reduces the possibilitic^s 
of stuck rings. 

required at short intervals, it is a definite indication that some¬ 
thing is wrong with the operation or the engine or both. The 
practice of permitting engines to operate over a considerable 
time when it is known that rings have stuck in one or more 
grooves is not good practice. Rapid wear and low efficiency— 
that is, high fuel consumption—are more costly than repairs. 
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Measurement of the piston. Measurements should be 
made of the piston roundness and inspections should be made 
for distortion and for burned spots as well as for stuck and broken 
rings. Piston troubles are progressive; however, when timely 
inspections and corrections are made greater difficulties like 
sticking and seizure are avoided. Whenever pistons are pulled, 
the assembly should be cleaned of carbon, special effort being 
made to remove carefully the carbon from tlie ring grooves in 
the back of the rings. The counterbore in the upper end of the 
cylinder fills up with carbon and should be cleaned. Unless 
tills is done, the lowering of the piston and rings back in the 
cylinder scrapes this carbon down ahead of the rings, wedging 
it at times between the piston and the liner wall, a frequent 
source of trouble such as scratching in the bore. 

Every piston and ring assembly should be oiled as it is 
assembled. Avoid getting foreign matter on the parts. A 
moderate amount of oil should be poured around the rings as the 
piston is lowered and the rings should be likewise oiled in the 
grooves. Too much oil might prove dangerous if it burns when 
the engine is started, so care should be exercised and the surplus 
oil removed. 

The top or crown of the piston should be inspected for cracks 
and minute fractures. When the cracks pre small, they are 
usually not important even though they look dangerous. Unless 
the cracks extend into the metal, they may be disregarded. A 
test for the depth of the cracks is to moisten the top of the piston 
with kerosene, wipe it clean, and dust with powdered chalk. 
The kerosene in the cracks will discolor the chalk if there is an 
appreciable crack. This method helps to locate cracks in cast 
iron. A special magnetic powder wdll show more clearly cracks 
in iron and steel parts. 

Measurement of cylinder liner wear. The average wear 
of the liner should be measured at four points parallel to the 
center line of the crankshaft and across the crankshaft. At 
the upper end of the travel of the top piston ring, the wear 
should be considered at a maximum when it is 0.004 in. per 1000 
hr of operation. 

Records of inspection. The deposits of carbon and lacquer 
on the piston will range from light to heavy. At the worst 
condition possible, all the area of the liner that is swept by the 
piston rings is definitely blackened, caused by blow-by of the 
gas, or coated with varnish, carbon or other decomposed 
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lubricating oil residues. The records should show the per¬ 
centage of the area covered. This ranges from 0 to 100 per 
cent. 

The pistons having all the skirt area l)elow the rings coated 
with carbon, lacquer, and decomposed lubricating oil residues 
which are not easily wiped off with a cloth may be considered 
as 100 per cent covered. The percentage of the area covered 
and the location of deposit as well as its nature should be 
indicated as shown in the inspection form. 

The pistons of 2-cycle engines need special attention on 
account of scavenging air-port restrictions. Deposits in both 
the inlet and exhaust ports should be inspected and cleaned 
when pistons are pulled. 

Cylinder liner inspection also includes careful inspection 
of each engine part which may be found coated with sludge and 
carbon. A form for recording observations of deposits on 
engine parts is given below. The condition of the deposit is also 
indicated. 


PISTON AND CYLINDER INSPECTION 


Liner Deposits 

IMston Deposits 

Character- 

Area % 

l^acquer and Sludge 

Laccpier Only 

istic 

Thrust 

Antithrust 

Thrust 

Anti thrust 

Black 






Dark brown 






Medium 

Brown 






Light Brown 






Discolora- 

ation 


- 





Note: a. Piston deposits should be distinguished as sludge, 
lacquer, and sludge and lacquer. 

b. The area covered by the liner deposits should be estimated 
accurately. Any spots which cannot be cleaned by wiping should be 
noted on a sketch. 

c. Sample records of sludge and carbon should also be made a part 
of engine maintenance records. 
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DEPOSITS 


Engine Part 

Clean 

Light 

Medium 

Heavy 

Rocker Arm Box 





Rocker Arm Cover 





Push Rod Compart¬ 
ment 




1 

Oil Screen 





Crankcase Oil Pan or 
Sump 




I 


A sample of the sludge is taken and sent to a laboratory for 
analysis and report. The operator's records should also include 
an inspection record of the scavenging air-port restrictions and 
the frequency of cleaning as a part of each cylinder record. 


DEPOSITS—SC^AVENGING AIR-PORT RESTRICTION 


Percentage of Restriction—Free to Completely Stopped Up 


C'ylinder No. 

1 

2 

3 

4 

5 

6 

7 1 

8 

9 

10 

Inlet Ports 



i 

i 







Exhaust Ports 







1 

i 




Date Cleaned 











Advantages of cylinder wall finish. The three factors of 
cylinder wall finish have been discussed, namely, cylinder wall 
wear, distortion of the bore, and good finish on the surface 
of the liner. These mechanical characteristics are closely 
related. Tliey are also related to cylinder wear and lubrication. 
Piston and ring wear is seriously affected when the hardness 
of the cylinder wall is increased unless the cylinder bores are 
finished to a very high degree of smoothness. A hard surface 
must be very smooth. This matter of hardness of liner material 
must be kept in mind when refinishing liners. 

It was previously pointed out that the peening action of 
piston rings against the cylinder wall was responsible for 
much of the liner wear. This was indicated in the chapter on 
piston rings. The mirrorlike smoothness of cylinder bores 
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Fio 9-5 Cast-iron piston split to show consti notion This piston is of siinph 
design, with four compression rings and two oil rings The head is designed loi 
maximum heat dissipation 


much ah tlie power ib iiicreahed, so the rate of heat rejection is 
materially less in proportion. In order to make a detailed 
analysih of this, ]\Ir. Boyer reports a study of eleven engines, 
five of which were atmospheric and six, supercharged. This 
analysis is shown in Table 9-1. From this table it is seen that 
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the average increase in brake mean effective pressure or horse¬ 
power is 42.5 per cent. The over-all heat rejection, including 
lubricating oil cooler and water jacket, was 2482 Btu per 
horsepower-hour for atmospheric engines and 1841 for the 



('ouTtei>y of Cooper-Bensemtr (Wp. 

Fig. 9-6. J^iXaniplo of eiriciontly cooled piston. 


Mipercharged engines. The table therefore indicates that 
with a horsepower increase of 42.5 per cent the heat dissipation 
was increased only 5.85 per cent. This increase shows that the 
heat-dissipation equipment, with radiators or jacket water 


TABLE 9-1 

1< \T1 OF Hfm Ul.JU’TION AND HoRsKPOWER INCREASE OF ATMOhPHKUK VM) 
Supercharged Diesel Encjines 



Xo. ()1 
Engines 

1 

1 

Avg. 

l^inop 

Increase* 
in Up 
(per cent) 

Average 
Btu per Hp 
per Hour 
to Water 

Binep X Btu 
* K 

Increase 
in Btu 
(per cent) 

Atmos. 


S2.5 


2482 

205,000 

_ 

Supchgd. 

() 

117 .) ] 

42.5 

1841 

217,000 

5 “85~ ' 


coolers, need not be materially increased for normal ratings of 
superchanging. In fact, assuming that the heat-dissipation 
equipment is reasonably conservative in design, it should be 
adequate when changing over to supercharging. Water pumps 
present a similar situation since the rate of heat flow need not 









256 


PISTON AND LINER MAINTENANCE 


ICh. 9 


be increased appreciably. The effect of supercharging on 
bearing pressures is included in Chapter 10. 

One-piece cylinders. One-piece cylinders are made with 
the inner and outer walls of the cylinder cast in one piece. 
The advantage of this type of construction of cylinder is that the 
possibility of water leakage is eliminated; the construction, 
also, is suitable for small engines of the 2-cycle type because 
it eliminates the difficulty of sealing around the inlet and 
exhaust ports. One-piece cylinders also have sufficient metal 
thickness to permit reboring. The average heavy-duty engine, 
operating around 3000 hr a year, and using fairly good fuel 
and lubricating oil, will last 12 to 15 yr before the wear is suffi¬ 
cient to justify replacement. Under such conditions, reboring 
twice would give the cylinder a considerable life. Reboring 
a cylinder to an oversize means a new oversized piston. For 
small engines, a reboring job and an oversized piston cost very 
little more than a new liner. Some manufacturers acc.ept the 
worn liner and piston in part payment for a rebored and 
oversize piston. 

Precautions when installing a dry liner. When installing 
a dry liner, make sure that there will be a perfect contact between 
the inside of the cylinder bore and the outside of the liner. 
An imperfect contact interferes with the flow of heat through 
the two walls to the water jacket. This interference would 
cause overheating of the piston. Cylinders should be ground 
after being rebored and tlie outside of the liner should also be 
ground carefully to an oversize about 0.005 in. greater in 
diameter than the inside of the cylinder. If the liner is chilled 
by packing it with dry ice, it will contract sufficiently to go 
into place. 

Separate liners. Many engines have separate liners with 
separate cylinders, especially if the engine has an en-block frame 
or (*ylinder box. ThC;. use of such liners applies to Diesel 
engines whether the engine is used in a stationary, portable, or 
marine application. Examination of the cross section of the 
engines with separate liners and an en-block frame shows that 
the cylinder liner of such an engine can be renewed without 
renewing the frame. With the cylinder-box construction, the 
liners can be renewed individually without replacing the cylinder- 
box. 

Advantages of separate liner. The separate liner has several 
advantages. The liner can be machined inside and out, a 
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procedure which insures accurate determination of the thickness. 
The cylinder, frame, or cylinder box may be of soft, close-grained 
cast iron, especially easy to machine, whereas the liner may be 
of harder material. Liners of chrome-nickel cast iron sometimes 
have a small amount of molybdenum added to the mixture. 
Hardness of over 220 Brinnel is obtained by accurate heat- 
treating. Hardness up to 450 Brinnel has been produced in 
liners of nickel or Ni-Resist cast iron. There is a general 
tendency to use somewhat softer liners of around 220 Brinnel 
for many applications. 

Steel liners are found in England in small engines. There 
are some Americans who advocate steel liners, hardened by 
nitriding. The use of steel liners in this country has not made 
much progress so far. 

One advantage of the separate liner is that it allows for 
expansion. The one-piece liner does not. The liner runs at a 
higher temperature than does the jacket. If the liner is of the 
one-piece type, the difference in temperature sets up strains 
or stresses in the casting. The wet liner is sealed at the top 
and bottom with the jacket to prevent leakage of the cooling 
water. The side and bottom surfaces of this fit are usually just 
machined to a snug fit. This is usually sufficient to prevent 
leakage. The top of the liner is grooved to correspond to a 
ridge on the lower face of the cylinder head. There is a copper 
gasket at the bottom of the groove, around >^2 in. thick. 
The use of this gasket in the groove protects it from exposure 
to the gases. The top of the liner is ground to the bottom 
of the cylinder head and a gasket is not used, the cylinder head 
resting on a shoulder. A jumper is used to carry the cooling 
water from the cylinder jacket to the head. The cooling water 
passes through the opening in the top of the jacket that cor¬ 
responds with the opening in the bottom of the head. A metal 
tube instead of a rubber gasket is used here. Another type 
uses a rubber gasket around the outer rim of the jacket, with 
grommets around the bolts to prevent leakage of water around 
the cylinder head bolts. 

Problems of rubber packing. Rubber rings and packing are 
stubborn when compressed, and great care is needed to make 
sure that the rubber has sufficient space. Liners may be 
pinched at the bottom because of lack of space for the rubber, 
and piston seizure may result. The rubber ring should be 
smaller than the groove. Rubber is not very good for sealing 
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around exhaust ports where the temperature is too high. A 
sliding fit at this point is preferred, or copper rings may be used 
instead of rubber. 

Top cooling of liners. The severest cooling requirements 
are at the top of the liner, because of the high combustion 
temperatures at this location. Special provision for additional 
cooling at this point is now designed. On some engines, the 
shoulder supporting the liner is placed down from the top to 
eliminate concentration of metal around the combustion space. 
In this design, the water flows up in the jacket until it is level 
with the rim around the jacket from where it flows around 
the liner in a restricted path. Above the supporting shoulder 
is annular passage. The restricted size of the water passage 
causes the water to flow at a higher velocity, which is an advan¬ 
tage in cooling. Several engines employ this design to gain the 
additional velocity and to insure cooling at this point. 

Two-cycle ports. On account of the high temperature at 
the exhaust ports, special provision is made for expansion and 
for prevention of piston seizure. This is done by thinning 
out the liner wall or relieving the liner at this point. Ports 
of most 2-cycle engines are well rounded at tlie corners in order 
to permit the piston rings to slide over the ports without 
catching or hanging. 

Counterbored liners. The liners of some engines, particu¬ 
larly the larger engines, are counterbored. This counterbore 
is located so that the top piston ring moves part of the way 
into the counterbore. The purpose of this counterbore is to 
prevent the ring from wearing a shoulder on the liner. The 
depth of the counterbore is a little greater than the expected 
wear before the liner is replaced. Some small engines, liowever, 
do not have a counterbore, and hence when a shoulder is 
formed by wear, it must be removed, especially when rings are 
renewed. 

Liner distortion. Rubber packing can distort liners, as 
previously noted. Excess flexibility in the frame of a small 
engine may cause distortion of the liner at the top, because the 
cylinder head studs, when tightened, pull the liner out of round. 
This permits the piston rings to cut and wear the liner bulge 
away. Pistons fitted with insufficient clearance will also cut into 
the liner. 

Some causes of liner wear. Liner wear depends on a 
number of conditions, chief among which are these: kind of 
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fuel used, amount of dust in the intake air, kind of material 
in the piston rings, liner material, oxidation of the liner, fre¬ 
quency of starting, use of a poor grade of lubricating oil, and 
cooling efficiency. Fuel oil with a high ash content usually 
causes liner wear. High sulfur content is also a contributor to 
liner wear under some conditions of operation, especially when 
the engine operates for long periods at low loads. Piston rings 
that are too hard for the liner or forced too hard against the 
cylinder wall during the firing stroke will cause wear of the liner. 
Liners should be hard but not too hard. The oxidation, or 
burning, of the liner is most active when the temperature 
is excessive. This is the result of insufficient cooling. Liners 
also wear when scale is permitted to accumulate in the engine 
jackets. Starting the engine before the lubricating oil film has 
had time to form in cold weather makes for poor lubrication 
and promotes the wear of the liner; the more frequently tliis is 
done, the more the wear. 

Liner wear is greatest at the top. Large liners especially 
beciome belled’^ at this point, since this is the point of greatest 
heat concentration. Temperatures at the surface of the liner 
are as higli as 1000° at the very top zone. The liner wear 
should be (ihecked regularly and the rate of wear calculated. 
Measurements sliould be taken with a good inside rnicrometei’ 
both in the direction of the main sliaft and in the direction of 
the crank throw. The taking of measurements at 4-in. intervals 
along the bore of the larger liner, and at smaller intervals for 
the smaller engines, is established practice. Careful records 
of these measurements should be made and preserved for 
reference. Care sliould be taken to make the measurements 
at the same place year after year. Normal or allowable wear is 
indicated in the wear-limit tables usually found in the instruc¬ 
tion book. Normal liner wear is given by several authorities as 
0.001 in. per 1000 hr of operation. Wear will be greater than 
this for the first 1000 hr and will become less afterward. Very 
few authorities agree on the amount of wear that calls for 
renewal of the liner, for reboring, or fitting dry liners. The 
engine builder, however, usually has some specific information in 
his instruction book. 

Piston reclamation. When pistons are worn appreciably, 
it is sometimes possible to grind them down to true roundness 
and to install liners with correspondingly reduced diameters 
or bores. 
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Liner finishing methods. Boring the liner means taking a 
revolving cut with a hard-steel tool, which travels ahead along 
the internal bore as it cuts. It is now good practice to bore 
and then grind or hone the liner. The grinding is done with a 
rotary stone. An oil stone is used to hone the cylinder bore. 
A stone is made that both rotates and reciprocates. While 
grinding is the method of finishing large cylinders, the hone is 
used generally for the small bores. The smoother the interior 
of the bore, the better is the liner and piston lubrication. 
Lubricating oil fills the recesses and covers the high spots to 
minimize friction and to prevent scuffing and scoring. Grinding 
and honing produces a glass finishing superior to plain boring. 

Scuffing and scoring. There is a distinction between the 
meanings of “scuffing” and “scoring.” “Scuffing” is a minor 
scratch, while “scoring” is a serious cut, or series of cuts, deep 
in the metal. Any abrasions of the liner small enough to be 
designated as “scuflSng” should become smoothed during opera¬ 
tion. Serious abrasions may sometimes be removed by grinding 
the liner with a fine emery wheel and finishing with an oil 
stone. This frequently must be done when other remedies 
are not feasible. A serious score may be corrected by spraying 
on metal, although this must be done in a plant making a 
specialty of this service. 

Deep scores in liners cause difficulties for tlie piston rings 
and prevent sealing off the combustion gases. Blow-by may 
result. The lubrication of liners with deep scores, even though 
ground out, is difficult because of the blow-by and the blowing 
of the oil off the surface of the liner. 

Removal of liners. Liners should be removed in accordance 
with the specific directions in the instruction book. It is 
necessary to remove the head, piston, and rod. Lubricator 
connections must also be removed. The engine must be drained 
of circulating water, the lubricating oil drained off, and general 
preparations made for thfe removal of the liner itself. Proce¬ 
dures and details differ with every engine. 

After the liner is removed, the water jackets must be cleaned 
of scale and deposits. The top and bottom fits of the cylinder 
jackets must be filed smooth of burrs. If the old liner is to be 
reinstalled, it must be cleaned of all scale and burrs. Ridges or 
shoulders in the top travel of the piston rings must be stoned out. 

Fitting liners. Whether an old liner or a new one is to be 
used, it must be fitted to the supporting shoulders at the top 
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of the jacket by applying Prussian blue to the bottom of the 
shoulder on the liner, inserting the liner without any gasket or 
rubber rings, and turning it through a small angle either way 
from its position. The liner is then removed and the shoulder 
in the jacket examined for high spots, which will be shown by 
the Prussian blue. Such high spots must be scraped down, a 
small amount at a time, repeating the procedure several times 
until a good seat is obtained. Unless the seating is checked 
in this manner, the liner will be distorted when it is installed 
and the cylinder head tightened up. If the liner is sealed at 
the top with a copper gasket, a new gasket should be used. 

The liner is then ready to be lowered into place. When the 
old liner is being reinstalled in the old position, the markings 
must be in line. When the liner is new, or an old one is being 
installed in a new position, it should be lowered into place as 
fitted by the method described above. 

Causes of cylinder liner wear: check list. Definite causes 
for liner wear sliould be determined and recorded for the purpose 
of guiding the maintenance program. The following is a list of 
known factors which contribute to liner and piston wear. It serves 
as a check list when making a study of the inspection records. 

1. Abrasive material in the fuel oil—sand, grit, and so on. 

2. Abrasive substances in the lubricating oil. 

3. Abrasive material in the air intake. 

4. Water in the fuel oil. 

5. Water in the lubricating oil. 

6. The use of corrosive fuel. 

7. Improper oil viscosity. 

8. Overheated engine. 

9. Insufficient, or lack of, lubricating oil. 

10. Piston distortion and cylinder distortion. 

11. Blow-by and piston ring troubles. 

12. Frequent cold starts or jacket water too cold. 

13. Excessive piston clearance. 

14. Stuck piston rings. 

Whenever wear is excessive, the cause or causes for the 
condition should be determined. This involves a study of 
the foregoing factors that contribute to the condition. These 
topics are referred to throughout this book. Refer to the index 
for numbers of pages where additional information concerning 
these topics may be found. 
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QUESTIONS 

1. What piston and cylinder troubles are due to improper cooling? 

2. What are the main causes of piston overheating? 

3. Should replacement pistons always be obtained from the manu¬ 
facturer of the engine? Why? 

4. What are the precautions to be observed when fitting pistons 
and liners? 

5. After the piston has been run in after refitting, what inspe(^- 
tions should be made and at what intervals? 

6. Why is the inspection after refitting pistons so necessary? 

7. Why does a “ green or new piston casting usually cause 

trouble? 

8. Why should the piston rings be inspected after running in for a 
period following installation? 

9. When a rebored liner is being used, what ])recautions are neces¬ 
sary after installation? 

10. What are the steps in inspection of the liner l)efoie re|)la(*e- 
ment? 

11. Describe the method of making measurements of and record¬ 
ing cylinder wear. 

12. When and at what intervals should liner wear be chec^ked? 

13. What is a dangei'ous rate of liner wear? 

14. When should liners be replace^d, and what is the guide to de^ter- 
mination of this need? 

15. Give the main causes of liner wear. 

16. What are some of the things that contribute to liner wear? 

17. What is the proper practice with regard to pulling pistons and 
clearing rings? 

18. When frequent cleaning of the rings and carbon from the 
piston is ne(;essary, what is indicated? 

19. Should an engine be operated when it is known that rings are 
stuck and the piston coated with deposits? Why? 
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20. Explain the procedure when inspecting the cylinder and pis¬ 
tons for deposits. 

21. Name the kind of deposits, and the characteristics of such 
deposits, found on pistons, liners, and behind the rings. 

22. When the pistons are reassembled in the cylinder, what are 
the general precautions and steps to avoid trouble? 

23. What care should be taken in oiling the piston and rings when 
the piston is being placed in the cylinder? 

24. What inspections should be made of the top of the piston, and 
how is this done? 

25. How is the depth of the cracks determined? 

26. What inspections of other parts are made when pistons are 
pulled? 

27. What parts of the 2-cycle engine are cleaned of carbon when 
the pistons are pulled? 

28. What kinds of deposits are found in the cylinder and on the 
piston? 

29. What should be done about heavy deposits in the piston ring 
grooves? What does it indicate? 

30. What causes the great heat stresses in the piston? 

31. What and where is the distortion usually found in pistons? 

32. What usually can be expected to follow piston distortion? 

33. What causes juston seizure? 

34. What are recognizable indications of piston seizure? 

35. What are the steps to be taken when piston seizure is about to 
take place? 

36. What repairs can be made on stuck pistons, when not tx)o 
severely damaged? 

37. What are the definite signs of cylinder distortion, and where 
would these indications be found? 

38. What arc the advantages of aluminum pistons? 

39. What metal other than cast iron may be used for cylinder liners ? 

40. What are the x^recautions regarding piston to cylinder clear¬ 
ance, and where is this clearance information found? 
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BEARING FAILURES AND MAINTENANCE 

PROBLEMS 


THIS chapter discusses common Diesel engine bearing operation 
and failures and sets forth methods of progressive inspection of 
bearing failures. The object is to indicate reliable bearing 
maintenance methods. Routine procedure for general bearing 
maintenance was outlined in Chapter 6 as a part of the basic 
progressive maintenance. The use of a report on teardown 
inspection to include measurements of wear was also shown. 
This form indicated that every periodic bearing inspection 
should be recorded on forms prepared for the main and con¬ 
necting rod upper and lower bearing shells. Such a record 
should contain related information such as date of inspection, 
bearing number, engine and bearing hours, lubricating oil used, 
and a description of any surface irregularities observed, such as 
pits, cracks, grooves, scratches, wiped and hard areas, embedded 
materials or foreign matter. When bearing failures are encoun¬ 
tered, the record of inspection should be supplemented with 
sketches, photographs, or samples of the material, which might 
become very useful if subsequent bearing failures occur. 

Inspection of bearing failures. All routine bearing inspec¬ 
tions, especially those of "defective bearings, must be made as 
thoroughly as possible in order to furnish data for the study of 
the failure and for making such adjustments and corrections 
as will decrease or eliminate such failures. Sketches of the 
bearing showing the locations of lost lining, cracks, pits, cor¬ 
rosion, and other surface troubles should be made, or photo¬ 
graphs should be taken of the damaged bearings. Essential 
operating data should also be tabulated and studied in connec¬ 
tion with the analysis of the bearing failure. 
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Diesel bearing failures. Experience has shown that the 
majority of Diesel engine bearing failures may be caused by 
one or more of the following conditions: 

1. Fatigue of bearing metal under high cyclic loads. Exces¬ 
sive maximum or peak pressures may result in bearing failure. 

2. Excessive or insufficient hardness of the bearing metal. 

3. Inadequate bond between bearing metal and bearing 
shell. 

4. Corrosion of the bearing metal by the lubricating oil. 

5. Errors and incorrect methods of assembly. 

6. Foreign particles embedded in the bearing metal. 

7. Miscellaneous, such as defective manufacture, wiping, 
and so on. 



Fig. 10-1. Forged-steel connecting rod (Hendy Series 50 engine) made of 
high-grade steel and fitted with bronze wristpin bushing and precision-type shells in 
the crankpin boxes. An axial hole in each connecting rod carries oil under pressure 
to the full-floating wristpin and to the piston cooling jet. 

1, Fatigue failures. Fatigue failures in heavy-duty engine 
bearings are usually caused by high cyclic loads as well as 
improper or loose fit of the shells in the housings. This means 
that a definite bearing area is pounded by the peak load every 
cycle, and if the physical properties of the bearing material, 
such as the compressive strength and brittleness, are inadequate, 
fatigue failure usually follows. Numerous small cracks, of 
mosaic pattern, on the bearing surface are the first indication 
of fatigue stress. With repeated poundings, fatigue crocks 
increase in number, finally penetrating the entire bearing mate¬ 
rial thickness, thus reaching the bearing shell. In such cases, 
sections of the bearing material may be lifted by the high 
hydrostatic oil pressure, resulting in a partial loss of the bearing 
surface. While not every bearing which shows fatigue failure 
and stress need be replaced, a bearing should be replaced if the 
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fatigue failure reduced its effective bearing area by more than 
10 per cent before the inspection was made. 

Bearings with fatigue failures, however, should be carefully 
inspected, and when it is considered that they may continue 
to operate, all sharp babbitt edges around the failures must be 
rounded by a scraper or a small electric iron in order to prevent 
any additional breaking off of the babbitt. Inspections of 



Fig. 10-2. Precision-type removable main bearings (Heiuiy Series oO engine). 
These main bearings are centrifugally cast, babbitt lined, and bronze backed. Th(^ 
journal diameter is 9 in. Fiach-bearing can be rc^moved easily through the larger 
inspection doors without disturbing either the crankshaft or the other bearings. 

such bearings are necessary in order to ascertain that the 
failures are not progressing. After the bearing has thus been 
reconditioned and put back in service, an inspection should 
follow within a short time. 

2. Hardness of hearing materials. The chemical specifica¬ 
tions of several heavy-duty Diesel engine bearing materials 
are given in Table 10-1. Bearing materials should conform 
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closely to these specifications according to L. M, Tichvinsky 
of the American Bearing Corporation in a paper presented 
before the Baltimore Section of the SAE on February 10, 1944. 
The Brinnel hardness of the cadmium-base, copper-lead, lead- 
base, and tin-base bearing materials is plotted against tempera¬ 
ture in Fig. 10-4. Since the Brinnel hardness is proportional 
to the compressive strength, this graph is doubly important, 


tuom GEARING 





Fig. 10-3. Kciiioving the main bearing shell. 

Mr. Tichvinsky points out, indicating that the region of tem¬ 
peratures of particular interest is between 200 and 300° as 
shown by the double lines. The cadmium-base alloys are 
rather hard at room temperatures and rapidly lose their physical 
properties with increasing temperatures as shown by the steep 
curve. The copper-lead mixtures retain their hardness ’and 
physical properties almost unchanged in the region of tempera¬ 
tures plotted, as shown by the dotted line. In the group of 
white bearing metals, comprising Satco, tin-base and lead-base 
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TEMPERATURE. DEG. F. 

Fig. 10-4. Hanliicss-temperature relations of bearing alloys. 


TABLE 10-1 

Chemical Compositions or Bearing Materials 



Tin 

Lead 

Antimony 

Copper 

Cadmium 

Silver 

Nickel 

Arsenic 

Calcium j 

Aluminum 

Zinc 

Magnesium 

g 

U 

Fe 

Others 

Bearing Material 

Sn 

Pb 

Sb 

Cu 

Cd 

Ag 

Ni 

As 

Ca 

A1 

Zn 

Mg 

Cadniium-silver SAE 
No. 180 

0.01 

0.02 


0.60 

98.0 

1.00 





0.02 

1 


Rem. 

Cadmium-nickel SAE 
No. 18 

0.10 

0.01 

0.18 

0.04 

97.8 

_ 

1.80 

_ 

_ 

_ 

_ 

_ 

:_ 

Rem. 

Copper-lead 

— 

26.0 

— 

75.0 

— 

— 

— 

__ 

— 

— 

— 

— 

— 

— 

Lead-base Babbitt 
Navy Grade No. 6 

5.00 

80.0 

98.0 

14.0 

0.50 

_ 

_ 

_ 

0.20 

_ 

_ 

_ 

_ 

_ 

Rem. 

Satco 

1.00 


— _ 

— 

— 

— 

— 

0.50 

0.07 

— 

0.08 

0.01 

Rem. 

Tin-base Babbitt 
Navy Grade No. 2 

88.0 

0.35 

7.50 

4.00 

— 

— 

— 

0.10 

— 

— 

— 

- 

0.03 

Rom. 
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babbitts, Satco possesses the highest physical properties at 
elevated temperatures. 

This trimetal bearing is composed of a 0.006- to 0.008-in. 
thick layer of tin-base or lead-base babbitt bonded to approxi¬ 
mately a 0.02-in. intermediate layer of bronze, which is in turn 
bonded to a steel back. This makes a high-grade bearing 
material. 

When bearing material is too hard, it may score the journal 
surface, whereas material that is too soft usually yields under 
bearing pressures, 

S. Corrosion of hearing alloys. The corrosion of bearing 
metals and materials is ascribed to the chemical action of 
oxidized lubricating oils and can be identified by the rough 
and pitted surfaces frequently observed on Diesel bearings. 
This effect of oxidation on bearings will be more fully discussed 
in the chapter on lubricating problems. In the majority of 
cases, corrosion over small areas of the bearing is associated 
with high localized temperatures. Corrosion may also occur 
over the bearing area as a result of a small amount of sulfuric 
acid that forms in the crankcase when the sulfur trioxide from 
the fuel mixes with water condensate while the engine is shut 
down. 

Tin-base babbitt, which has a high corrosive resistance, is 
usually called a noncorrosive babbitt. However, under unusual 
and adverse conditions, it too may corrode. Corrosion of any 
bearing load-carrying surface is to be anticipated in inspections, 
for corrosion decreases the load-carrying capacitj^ rapidly, once 
the chemical action sets in. When found, it ma}" require 
replacement of the bearings, and whenever the effective bearing 
surfaces have been reduced to such an extent that wiping has 
occurred, replacement is indicated. 

4. Bond strength between bearing lining and shell. Poor bond 
between the bearing lining and the shell metal is a rather 
frequent cause of bearing failure and, in most cases, is due to 
defective manufacture. The heat flow through a poor bond 
area is usually impeded and may result in failure because of 
uneven and excessive bearing surface temperatures. Fatigue 
cracks over poor bond areas will loosen the linings quickly. 
Inclusions or foreign matter in the bond are usually due to 
imperfect cleaning of the shell surface before applying the 
bonding alloy. In connection with the trimetal type of bearing 
mentioned above, poor bond may occur between the inter- 
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mediate bronze layer and the steel of the shell. Nonmetallic 
inclusions between the bronze and the steel will decrease the 
heat flow from the bronze to the steel, and overheating may 
result. Such manufacturing defects are not usually deter¬ 
mined or detected by routine inspection and are usually found 
only after bearing failure. The areas of poor bond of a failed 
bearing are usually without any trace of the bonding alloys. 

5. Improper or faulty assembly. Assembly errors do occur 
from time to time and are usually caused by negligence and lack 
of experience. Faulty assembly of a small bearing shell may 
occur because the locking lip does not fit the recess in the bearing 
housing, and thus it may produce distortion that leads to bearing 
failure. Another example of faulty assembly is that of con¬ 
necting rod bearing mounting of the upper grooveless shell in 
the place of the lower shell, which is machined with an oil 
groove. This prevents the flow of the oil, and failure occurs 
almost immediately after the engine is started. 

OUTER 



FiCx. 10-5. Ckmnecting rod bearijig sht'll wrar limits. 


Another example of faulty assembh^ is the seizing of the 
outside surface of the upper main bearing shell to its cap. 
This kind of seizure, or local welding of small areas and transfers 
of metal, is caused by the working of the shell in its cap at the 
bearing .split. This working is possible because of excessive 
side clearance, which may be found between the cap and the 
saddle when improperly assembled. Any excessive amount of 
lacquer on the back of a bearing indicates poor contact between 
bearing and cap. Poor contact may be due to excessive clear- 
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ances, foreign matter, and rough finish.* This also considerably 
decreases the normal heat flow, and failure may follow. 

6. Failures due to foreign particles. Foreign matter, espe¬ 
cially hard particles, may find their way into the lubricating 
oil line and into the bearing and thus damage by scoring both 
the journal and the bearing surfaces. Such particles will be 
embedded by soft bearing linings and rendered harmless. 
These white-metal bearing linings, 0.006 to 0.010 in., have 
higher load-carrying capacity than thick linings of 0.015 to 
0.0125 in., and are now more frequently used than the thick 
linings. However, these thin linings cannot fully embed large 
foreign particles, and their presence will result in scoring the 
journal. 

7. Miscellaneous failures. Careful inspection of a number of 
bearing failures shows that intrusiam, localized areas of hard and 
porous babbitt, will cause initial bearing failure. In addition, 
there may be copper segregation with the possibility of scoring 
the shaft journal. 

a. Wiping of bearing lining usually results from slight 
metal-to-metal contact of elevated lining or jour¬ 
nal areas. The surfa(;e of the wiped lining is very 
smooth, approximately 3 to 7 microinches, while the 
surface of a well-machined lining varies from 20 to 
50 microinches. 

b. Local wiping on the top of the bearing is usually indi¬ 
cated by a slight elevated polished area produced by 
the displacement of superficial bearing lining. In 
such cases, the bearing should be replaced. 

c. Wiping not necessitating bearing replacements is very 
common, espetaally during the initial period of opera¬ 
tion. These bearing areas so wiped are not elevated 
over the bearing surface and are usually well-polished 
areas of indefinite, thoroughly oriented shapes. This 
condition can be identified by experience when bearings 
are being inspected during the original or initial 
running in of the engine. 

Maximum pressures of Diesel bearings. The maximum 
Diesel engine bearing pressures deserve careful study and 
thorough understanding. The pressures are due to high cyclic 
loads and peak pressures. The operation of the piston pin, 
connecting rod, and main bearings of a Diesel engine differ 
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to a considerable extent, depending upon the type of engine 
and magnitude of loading. 

1. Piston pin hearings. Maximum pressures are very high: 
they may run to 6000 psi. This high pressure is due to large 
peak forces imposed on small bearing diameters. The loading 
is due primarily to combustion and inertia forces. On account 
of the swinging or rocking motion of the connecting rod, the 
load acts over a small arc of the bearing circumference, approxi¬ 
mately 15 deg. The lubricating oil temperature is rather high 
because it is usually supplied through the main and connecting 
rod bearings, successively. The piston pin surfaces are very 
hard, approximately 60 Rockwell C hardness at 150 kg load. 
These surfaces, often chromium-plated, are very smooth, 
below 10 microinches. The piston pin bearings are also designed 
with small clearances, and successful operation depends greatly 
on the dampening properties of the lubricating oil. 

2. Connecting rod hearings. Maximum pressures in this 
case are also very high and may approach a value of 3000 psi. 

a. The loading of the connecting rod bearings is due to gas 
pressure, inertia, and centrifugal forces. 

b. The upper shell supports most of the load in a 2-cycle 
Diesel engine, while in a 4-cycle Diesel engine both 
the upper and lower bearing shells carry a considerable 
load. 

c. Connecting rod bearings are better cooled than are tlie 
main bearings as a result of the ventilation produced 
by the rotation of the crankpin journals. 

d. The lubricating oil is usually supplied from the main 
bearing, being forced through the oil groove and the 
inclined bores of the crankshaft. 

e. Crankpin surface hardness varies from 200 to around 
300 Brinnel and depends on the bearing material 
hardness. 

f. The surface finisli of the crankpins should be as smooth 
as possible or practicable. 

g. These bearings are designed with clearan(;e ratios 
ranging from 0.007 to 0.0015 in. per inch diameter. 
Smaller values are used in some 4-cycle Diesel engine 
bearings. 

3. Main hearings. In the main bearings, the maximum 
pressures are moderate, with values usually under 1500 psi. 
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The loading of these bearings is due to gas pressures, inertia, 
and centrifugal forces. 

a. The bearings are lubricated with cool lubricating oil 
direct from the head exchanger or engine sump. 

b. Main journal hardness is the same as that of crankpins. 

c. These bearings are designed with clearance ratios 
varying from 0.008 to 0.0015 in. per inch diameter. 

J^. Other Diesel hearings. Camshaft, gear, pump, and aux¬ 
iliary machinery bearings, which operate as power bearings, are 
not heavily loaded and cause very little trouble when properly 
lubricated and when the engine is kept clean. 

Diesel bearing maintenance. It should be obvious from 
the discussion of the bearing failures that there is no material 
that will satisfy and comply with all the requirements of a good 
bearing material. The selection of a bearing material, for this 
reason, is made by the designer, and it should result in the 
optimum combination of Uning material, journal hardness, and 
lubricating efficiency. 

The maintenance and performance of the precision-type 
bearings used in small engines, under 3-in. journal diameter, 
and in large engines, over 3-in. journal diameter, differ con¬ 
siderably. The manufacturing, including grinding of small 
crankshafts, is done with a high degree of accuracy, which 
results in uniformity of diameter and in small tolerances. 
Bearings of such small journals, which for uniformity are often 
diamond-bored, are interchangeable and do not require hand¬ 
fitting. The manufacture of large crankshafts, on the other 
hand, is not so accurate, resulting in large final tolerances. In 
addition, the surface finish of the large journals does not fit as 
smoothly as small journals. Bearings for large journals might 
not fit the desired area (70 per cent contact or more), and usually 
are hand-fitted by experienced mechanics. 

Lubrication. The use of approved and low-corrosive lubricat¬ 
ing oils is an important factor related to bearing maintenance. 
Adequate cooling of the lubricating oil will diminish the possi¬ 
bility of rapid oil oxidation. The usual practice now is to have 
a chemical analysis of the lubricating oil made at appropriate 
intervals, from 100 to 500 hr, depending on the service condition, 
in order to check for dilution and oxidation. Inspection of 
the sump oil samples, drawn from the lowest point, should 
be made for metal particles at regular intervals, together with 
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the inspection of the sump oil filter screen. Cleanliness in 
handling bearings, especially during assembly, is extremely 
important. 

Bearing and shaft problems. Several factors, such as 
vibration of the shaft, the type of drive used to transmit the 
power of the engine, and high operating pressures and speeds, 
have a relation to bearing maintenance. 

1, Wear of upper shell. While tlie weight of the piston and 
connecting rod is always downward, the shaft will wear the 
upper main bearing lining. This is due to the fact that there 
is little pressure opposing the motion of the piston on tlie 
exhaust stroke. The piston and rod start from a position of 
rest at the bottom and attain a maximum velocity at tlie mid¬ 
point of the stroke. From this point to top dead center position, 
the piston is retarded by the crankshaft against its momen¬ 
tum or tendency to maintain the maximum velocity against 
the retardation. This retardation or reversal of forces results 
in a force being exerted on the crankpin that slightly lifts the 
shaft and presses it against the upper bearing shell lining. 

This problem of reversal of forces or vibrations applies to 
large heav 3 ^-duty engines having heavy reciprocating parts. 
It is evident that the total mass of these weights acting down¬ 
ward may not be greater than the force exerted upward by the 
retardation of the piston. If it is greater, tlie shaft would remain 
on the lower bearing shells; if not, the sliaft lifts. 

2. Vibrations. Wlien an engine is connected to a pump 
or other power-driven machinery by means of a long shaft, tlie 
unbalanced pump impellers will sometimes set up a vibration in 
the engine shaft. There may also be torsional vibrations or the 
vibration of the shaft resulting from running in a slight twist. 
Engines should not be operated with such vibrations. Espe¬ 
cially when rigid couplings conne(*t the shaft to the engine, 
the shaft may vibrate. Flexible couplings are preferred if the 
driven machine or device imposes alternate or variable loads on 
the driver. 

Repairing cracked babbitt. Unless the cracks in the 
babbitt are small and insignificant, repairing cracked shells 
is not good practice. When the cracks do not run the entire 
length of the width of the shell, the bearing shell may occa- 
sionall}^ be repaired by grooving it with a hammer and a cape 
chisel or other suitable tool and running in fresh babbitt to 
fill the cracks and other small places where the babbitt may 
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be missing. When the whole shell is divided into sections, a 
rewelding job can be successful only when done by a skilled 
mechanic with experience. 

Effect of worn bearing. Operating the engine with excessive 
bearing clearance lias been discussed elsewhere. It must be 
added that the results of operating in this condition maj^ be 
serious. Too mucli clearance permits the lubricating oil to 
leak at the bearing ends. This leaking is aggravated when the 
oil runs too hot and ttiins down to a point where the normal 



clearance may permit the oil to escape. This mattei* of clearaiici' 
is very important in the high-speed Diesel engine. If the 
clearance is large, the shaft will lift and fall as explained and 
permit luimmering and pounding out of the bearing linings. 

Out-of-line crankshaft bearings. Running bear*ings out 
of line causes rapid wear on these parts. The unbalanced forces 
also contribute to wear of the bearings. Unequal compression 
in the cylinders, or irregular or unbalanced firing pr’essure, 
is another possible source of much abnormal bearing wear. 
Too much advance in timing, which permits peak pressures 
before and at top center, should not be permitted. If these 
firing pressures are applied too soon, the added force on the 
crankshaft and bearings breaks down the oil film on the bearings 
by excessive bearing pressures. When metal-to-metal contact 
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occurs, wear is rapid. Any engine that pounds and knocks 
is likely to have bearing troubles follow. The working pressures 
in the cylinder and the engine balance should be carefully 
checked and adjusted. The indicator discussed elsewhere aids 
in keeping these forces down to a minimum. 

The misalignment of the bedplate and frame, or a twisted or 
bent shaft, has been found to be the cause of bearing troubles. 
In the marine field, it has been noticed that the engine may have 
a tendency to spring out of alignment. Connection to propeller- 
shafts also may cause vibration that affects the bearing wear. 

Scraping bearings. It should be understood that scraping 
a bearing is not a job for an inexperienced mechanic. The high 
spots must be scraped until a good, smooth bearing surface is 
obtained. At least three fourths of the bearing surface should 
take up the Prussian blue wlien a bearing is fitted closely enough 
for use. 

Requirements of the bearing metal or material. It has 

been shown that the durability of the bearing metal is important 


Cranksbait 



as it must be tough and not so brittle that it will break up in 
service. The metal should be properly selected so that the 
kind used will have sufficient resistance to corrosion. The 
material should be the correct kind and composition for the type 
of engine and service. It must have sufficient strength to 
sustain the load imposed upon it. Only the very best resistant 
Diesel engine babbitt alloy should be used for wrist pin bearings. 
These bearings are usually centrifugally cast and the tin content 
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is high. The metal also contains some nickel in most cases. 
Some metal manufacturers use a secret process for which great 
advantages are claimed. The engine builders usually use well- 
known alloys of standard composition and employ bearing 
designs in which the operating and service risk has a history. 
Any departure from the manufacturer’s recommendations in 
the instruction book is risky. 

It should be understood that the causes for cracked bearings 
may not always be as easy to understand as may have been 
implied by the foregoing discussion. The extent of cracking 
of the lining that may be safely permitted before replacement 
is not always easy to determine. The condition of cracked 
babbitt may not be serious as long as the shaft is in proper 
alignment. Unless the cracks are very numerous, with pieces 
of the lining working loose, the shell may be retained and 
operated in this condition for some time. It is frequently 
found, upon teardown of an engine, that the bearing shells have 
been cracked for some indeterminable time. It has been 
possible to tighten up the cracks by pounding the edges together 
with a hall peen hammer. A risk of scoring the shaft is involved, 
however. 

Effect of supercharging. When the supercharging process 
is added to the inlet air, an increase in the peak pressure results. 
The cN'linder pressures of supercharged engines increase 10 to 
15 per cent over the nonsupercharged of otherwise identical 
types. This increased pressure naturally reflects itself in 
increased stresses of all parts, including pistons, connecting rods, 
and bearings. These increased peak pressures are taken into 
consideration when designing engines that are to be super¬ 
charged, unless the engine was designed with this margin of 
safety before supercharging was added. 

In many cases it has been found necessary to redesign the 
bearings for supercharging. Bearing pressures permitted on 
any given design of bearing is dependent in large measure on 
how long that pressure is sustained. Detailed study of the 
area of the pressure-time diagram of the bearing shows that 
frequently this area is somewhat less with supercharged engines 
than with the atmospheric type. This is because of the com¬ 
bination of more sustained load and inertia forces. An inter¬ 
esting study of this problem was discussed by R. L. Boyer at a 
meeting of the Cleveland Section of the American Society of 
Mechanical Engineers, Cleveland, Ohio, May, 1945. The polar. 
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diagrams presented with his paper are shown in Fig. 10-8. The 
diagrams indicate that, at zero speed, the pressure-time diagram 
has an area about in proportion to the appearance of these 
polar diagrams. Mr. Boyer points out that most Inodern 
Diesels, if they have precision-type bearings that have been 
properly designed, have ade(iuate bearings to permit super¬ 
charging. He reported analysis of several models of engines 
showing relative duty of the atmospheric versus supercharged 
type. 

Cleaning oil ducts and passages. Failure to clean properly 
the oil ducts results in many bearing failures that occur almost 
immediately after an overhaul. Whenever connecting rods 
are out of the engine, the oil ducts should be cleaned immedi¬ 
ately, utilizing air pressure for blowing out any deposits and 
foreign matter. It is sometimes necessary to use a wire probe 
even when high compressed air or steam pressure is available for 
blowing out oil passages. It is a mistake to use waste instead 
of clotli when cleaning parts, since some of tlie waste may be 
left in the dvK'ts and eventually lead to plugging of the passage. 

The rifle-drilled oil ducts in the rods of some engines must 
be cleaned very carefully since these are depended upon to 
feed the piston pin bearings. The surface between the con¬ 
necting rod and iJie bushing should be cleaned, and a snug fit 
between the rod and the bushing must be obtained. A perfect 
fit is necessary in high-speed engines, and good automotive 
practice should be followed. When bushings are properly 
fitted and seated in the (?aps and in the connecting rods, whicli 
may sometimes involve scraping the high spots on tlie back of 
the bushings, tlie edges must meet and form a smooth surface 
level with the cap and rod forging. Sometimes a file is used for 
smoothing the edges. An oiltight joint between the bearing 
halves of the rod when they are pulled up against the shims is 
essential, and when they are not pulled up, tlie oil pressure will 
be below normal or lost completely, owing to leakage at the 
joint of the bearing. 

When the connecting rod and piston are replaced in the 
engine, if the rod is marked, the side marked ‘'Front'’ should be 
properly placed. Check the clearance between the edge of rod 
and bearing and the crank throw. If it is too wide, a file is 
used, which requires careful work, or a refacing tool is used to 
face off the side of the bushing until there is a clearance of 
approximately 0.010 in. to leave a snug fit between the edge of 
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the bearing and the crank check. The sidewise clearance for a 
high-speed engine should never exceed 0.015 in. A blade gauge 
is used to measure this clearance. The rod is crowded against 
the opposite crank check and with the use of a pry bar, the 
clearance is determined by careful checking. 

Types of crankpin bearings. While numerous types of 
crankpin bearings have been designed, present types may be 
divided into two classes, the marine type^’ and the ^^cap type.^' 
In the marine-type rod, the top half of the bearing is separated 
from the rod itself. The rod ends in a foot to which the top 
and bottom half bearings are assembled. The assembly is bolted 
together by crankpin bolts, either two or four bolts being used. 
The foot usually contains a recess into which the raised part 
of the top box is fitted or which is spigoted into the foot. This 
prevents the box from slipping with respect to the foot and saves 
and relieves the bolts of the strain of withstanding a shearing 
action. The top half is also spigoted into the bottom half for 
the same reason. When the two halves are not spigoted 
together, shifting is prevented by the use of dowels; the halves 
of the bearing are separated by the shims to permit adjustment 
of the bearings. Shims are used between the top half and the 
foot also and permit shortening or lengthening of the rod. The 
crankpin bolts are not ‘'fitted,^’ but are thickened at the middle 
section where tliey pass through the adjoining boxes and also 
at the ends. The thickened parts are machined to close 
tolerance in order to fit very close at these points. Small cap 
screws are used at the bottom to keep the bolts from turning. 
The nuts also have locked recesses so that cotter pins can be 
used to lock them in position. Dowel pins are used in addition 
to spigoting to hold the bearing in position. 

Oil grooving in the bearings. The inside of crankpin bear¬ 
ings have oil grooves through the center, around the circum¬ 
ference with the groove connecting with a hole in the connecting 
rod (Fig. 10-2). The lubricating oil is fed into the groove from 
a drilled hole in the crankpin to lubricate the crankpin bearing, 
then passes up through the rod to lubricate the piston pin 
bearing. Rods of the H section lead the oil up to the piston 
pin by the use of a tube fastened to the side of the rod. A ball 
check valve is used in the oil lead near the foot of the rod to 
prevent the oil from draining when the engine is not run¬ 
ning. The check valve also serves to prevent the inertia force 
from driving the oil downward when the rod moves in that 
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direction. Some older engines used oil grooves lengthwise 
of the pin as well as circumferentially. These grooves did not 
extend to the edge of the bearings, yet much oil es(;aped through 
them, and for thiwS reason, such grooving is no longer employed. 

Methods of babbitting bearings. The babbitt is applied 
directly to the boxes in larger bearings. There are dovetail 
grooves in the boxes of some bearings so that the babbitt is 
anchored in place. The babbitt is cast directly on the boxes 
made of cast steel or of cast iron. The babbitt is relieved 
slightly at the joint between the halves, but not at the ends of 
the bearing, for this relief at the ends would permit the lubricat¬ 
ing oil to escape. 

Bearing shells. The babbitt may be cast in shells, which 
may be made of bronze or steel, and which may be of consider¬ 
able thickness in some bearings and very thin in others. Shells 
are separated by shims if the babbitt is thick; but if the babbitt 
is very tliin, shims are not used. 

Cap-type rod and bearing. The foot of the cap-type of rod 
and the upper half of the bearing box are forged in one piece, 
with the bottom half serving as the ^'cap/^ This type does 
not make provision for removing shims between the foot of the 
rod and the upper-half box, but otherwise, there is little differ¬ 
ence in the construction of the bearing. The cap-type rod is 
usually made somewhat lighter than the marine-type rod and, 
for that reason, is now used on most of the small engines. 

General bearing metals. Babbitt is the oldest bearing 
metal in use at the present time. It consists of an alloy of 
tin, copper, and antimony. It may be soft, medium hard, or 
hard, depending on the relative proportions of the three ele¬ 
ments used. A mixture of 88.9 per cent tin, 3.7 per cent copper, 
and 7.4 per cent antimony results in a soft babbitt; while 80 
per cent tin, 10 per cent copper, and 10 per cent antimony 
results in a hard babbitt. Babbitt is also called white metal. 

Special bronzes are generally used for small engines. A 
bronze is made up of 73 per cent copper, 12.5 per cent tin, 10 
per cent lead, and 4.3 per cent graphite, and will stand heavy 
loading. It requires very little lubrication and does not seize 
or score a steel pin. Copper alloyed with cadmium and silver 
has been used in the latest high-speed engines, as previously 
indicated. 

Precision bearings. The use of thin bearing shells is a late 
development made possible by the development of the new bear- 
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ing metal alloys. The shell and the bearing metal are very thin 
and the precision finish is very accurate. The shell is made 
in halves and is kept in the bearing box by lugs to prevent rota¬ 
tion. The dimensions and sizes are so controlled that it is not 
necessary to fit such bearings. When the wear is sufficient, 
the bearings are thrown away and new ones replace them. 
Pins running in such bearings are harder than for babbitt but 
require a copious supply of lubricating oil of high viscosity and 
at good pressure running through them at all times. 

When operating an engine with the modern type of bearings, 
it is absolutely necessary to select a lubricating oil that will not 
attack the bearing metal. A number of lubricating oils for high¬ 
speed engines contain “additives” for the prevention of ring 
sticking, and these additives frequently cause corrosion when 
used with cadmium-silver and high-lead bronzes. 

Connecting rod bearing clearances. There is no general 
rule for proper bearing clearance under all conditions and for 
all engines. The recommendations of the engine builder as 
found in his instruction book should be followed carefully. 
In the absence of such information, a rough rule may be followed. 

Maximum allowable clearances. The maximum clearance is 
usually given by the instruction book. Excessive clearance 
permits the engine to pound when starting and stopping, or 
when operating below rated speed. When 4-cycle piston pin 
bearings have too much clearance, the engine may pound 
during the middle of the intake and exhaust stroke. Clearances 
are usually adjusted before they ex(!eed twice to two and one- 
half times the initial working clearances. Adjustable bearings 
are adjusted, but nonadjustable bearings are replaced when the 
wear exceeds the allowable limit. 

Clearances in adjustable bearings are usually determined by 
means of the lead wire. The procedure was previously explained 
(Chapter 6). 

Rebabbitting bearings. When bearings are rebabbitted, the 
first step is to first remove all traces of the old babbitt, scraping off 
as much as possible, then heating the shell to melt the babbitt out 
of the dovetail grooves. The shell is then thoroughly cleaned, 
first with gasoline, and then with caustic soda. 

There are two recognized methods for rebabbitting bearings. 
One is casting the babbitt in the box with a mandril located 
in the position of the pin; the second, centrifugal casting, or 
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casting the babbitt in the rapidly revolving box. Centrifugal 
casting produces better results; however, special equipment is 
required and the work can be done only in a shop having such 
equipment. When such a shop is available, sending the bearing 
to the shop is better than using the mandril method. 

Pouring bearing metal. Mandrils are usually made from 
cast-iron stock, with a diameter about }4 in. less than the pin 
on which the bearing operates. The bearing boxes should be 
brushed with a solution of muriatic acid cut with zinc, or 
muriatic acid that has been dissolved with as much zinc as it 
will take. The bearing is heated on the outside by means of a 
torch while tin solder stick is rubbed over the surface to be 
babbitted, with some powdered zinc chloride being sprinkled 
ahead of the stick. The two halves of the box should be 
separated with shims of the same thickness as those used in 
operation and then clamped together. The box is then lowered 
over the mandril, which is standing upright, with the flange 
down. The mandril is centered and wet fire clay is molded 
around the outside of the box where it rests on the flange of the 
mandril. A high grade of babbitt must be selected to secure 
the kind of bearing required. Babbitt should be heated in the 
ladle by means of several blow torches. A babbitt is ready to 
pour when it will char a pine stick that is immersed in it. After 
the babbitt is cool, it should be bored to its final diameter, keep¬ 
ing it a little undersize rather than oversize. The halves 
are sawed apart, the edges are faced and cleaned, and the 
bearing is ready to be fitted to the pin. 

Method of scraping bearings. It is never advisable to try 
to scrape a bearing to 100 per cent contact with the pin, nor 
would this 100 per cent contact be advisable. A bearing is 
satisfactory if the contact is about 75 per cent of its area. The 
bearing is placed on the pin after the coating of Prussian bhic 
has been applied to the pin. It is then rotated througli a small 
angle back and forth several times. When it is removed, tlie 
high spots can be seen by means of the bluing adliering to them. 
These high spots shown by the coat of bluing are scraped down. 
The procedure is then repeated. When high spots are scraped 
too much, a low spot will result, requiring the entire surrounding 
area to be scraped to it. For this reason, too much scraping 
should not be done in one operation. When the Prussian blue 
is applied too thickly, the bearing will be well coated and will give 
a false appearance of a good fit before the fit has been attained. 
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Precision-type hearings should not be scraped. Solid bronze 
bushings are sometimes not scraped but it is a good practice to 
try them out for bearing area and scrape if necessary. 

Crankpin bearings for large engines are usually scraped to 
an accurate fit, but for some engines they are now bored very 
accurately to the proper size without scraping. 

When bearings are bored to the proper size, the crankpin 
box should be assembled and tightened by the crankpin bolts, 
the same tension being used as that applied when in service. 

CRANK JOURNALS 



Fig. 10-10. Alicronieli'r nu'asiireiiieiils ploltcMl on a ji;ni])h to sliow the results 
obtained by two different ineehanies. Mc*asureiuents an; made across and with the 
throw, at each side and in the center of each crankpin and main b(*aring. 


Otherwise, the difference in tension will distort the boring, and 
cracking of the babbitt is likely to result. 

Cracking of babbitt bearings. Babbitt may crack for other 
reasons. If the bearing cap is not sufficiently rigid and distorts 
under load, the babbitt is certain to crack eventually. Some¬ 
times, rebabbittiiig is avoided by the cracked portions being 
cleaned away and the surface being brought up with solder. 
A bearing that has run hot and dragged or wiped the babbitt 
may be scraped to a good surface if the thickness of the babbitt 
is not appreciably reduced. 

The Magnolia Metal Company, producers of high-grade 
babbitt, furnislies a manual of instructions that is complete 
and reliable, and when possible, the operator will profit by 
using this information. 
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Causes of bearing wear and failures: check list. When 
reports on bearing wear or failures are made up, the records 
should include the information on the causes of the wear. The 
following summary is a guide and a check list of known causes of 
bearing wear and bearing failures: 

1. Defective bearing construction, or assembly: 

a. babbitt too soft, or improper bond; 

b. babbitt too hard or brittle; 

c. shaft distortion. 

2. Shaft distortion, which is usually due to: 

a. overspeeding; 

b. excessive bearing clearance; 

c. misalignment. 

3. Overloading the bearing, excessive peak pressures, due to: 

a. too much injection advance; 

b. low cetane fuel; 

c. unbalanced cylinders. 

4. Improper lubricating oil, or improper lubrication, due to: 

a. failure to use hand pump and lubricate when starting: 

b. improper grade of lubricating oil; 

c. corrosive substances or acids in the oil, water, sulfur 
from the fuel, and so on. 

5. Lack of lubricating oil, due to . 

a. excessive bearing clearances; 

b. low oil level; 

c. low oil pre.ssure; 

d. plugged oil passages or ducts. 

6. Low temperature of the lubricating oil, due to: 

a. too much water circulation. 

7. High temperature of the lubricating oil. 

The influence of these factors on wear of bearings and other 
engine parts is more fully discussed in the chapter on lubricating 
problems. 

Practical experience on the job affords the onlj^ opportunity 
for complete understanding of bearing i intenance. Papers 
reporting the experimental results of numerous tests should be 
consulted by students and instructors. 
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QUESTIONS 

1. What are the characteristics and properties of a good bearing 
metal? 

2. What kind of metal is used for high-speed engine bearings? 

3. What causes of bearing wear are less apparent than others? 

4. How does abnormally high bearing pressures affect wear? 

5. What are the chief factors that contribute to the wear on the 
main bearings? 

6. What may be expected when the engine is operated with 
excessive bearing clearances? 

7. What factors are responsible for vibration of the shaft, and 
what effect does this have on the main bearings? 

8. Why is wear found on the upper main bearing shell when the 
weight of the rod and piston and the force of the explosion are always 
downward ? 

9. After a fatigue failure is repaired, what inspections should be 
made after the bearing is put back into service? 

10. Why do foreign particles in the lubricating oil cause bearing 
failures? 

11. What is bearing wiping? 

12. What causes maximum, or peak, pressures to be too high? 

13. What effect do the (corrosive properties of oil have on bear¬ 
ings ? 

14. What causes vibration when the engines are connected to 
driven macliines? 

15. Can cracked babbitt shells be repaired efficiently, and put back 
in service Avithout replacing the lining? 

16. Can a cracked babbitt shell be corrected by welding? 

17. Do you know what clearances and what wear limits for the 
bearings of your engine should be? 

18. Name three examples of faulty assembly. 

19. What may occur when waste instead of cloth is used for clean¬ 
ing engine parts? 

20. How are oil du^*^"’ cleaned when high-pressure air or steam is 

not available? * 

21. When bearings are being fitted, should a torque wrench be 
used to obtain proper alignment? 
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22. Do burrs on the connecting rod bolts prevent proper tighten¬ 
ing when a torque wrench is used? 

23. Why is it important to make sure that oil holes in the bearings 
coincide \\dth the oil holes in the bores? 

24. Does reversing the upper and lower halves of the bearing have 
a destructive effect? 

25. Can connecting rod misalignment cause connecting rod 
bearing failures? 

26. Overloading is said to cause failure of the top connecting rod 
and lower main bearing failure. Will overspeeding cause just the 
reverse? 

27. Why is it that the inertia loads on an overspeeding engine arc 
greater than the combustion loads? 

28. How does starting the engine repeatedly under unfavorable 
conditions, such as cold weather, produce heavy sho(;k loads that 
deform the bearing metal? 

29. Would you look for dirt particles behind a failed bearing? 

30. Are high firing pressures the result of by advanced injection 
timing? 

31. Will this high firing pressure cause heavy bearing loads? 
Would the use of a fuel with a low cetane rating have some relation 
to this condition? 

32. Does fuel dilution, high oil temperature, or the use of an 
improper grade of lubricating oil of insufficient vis(!osity, cause low 
lubricating oil pressure? 

33. Why does lead segregation in the copper-lead bearings, or too 
much lead in the tin-base babbitt, cause a bearing problem? 

34. Bearing failures due to localized overheating are usually 
caused by the lack of conformability and poor embeddability. If 
failure occurs for this reason, would you say that the bearing was 
the proper one for the engine? 

35. What kind of bearing failure results from repeated application 
of heavy loads which eventually cause cracking of the metal? 

36. Failure due to poor fit is caused by the load being concentrated. 
What result is expected? 

37. What kind of failure results when continued use of oxidized oil 
is permitted? 
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38. When oxidation products are formed, what effect do they have 
on the lead or cadmium? 

39. What causes pitting of bearings? 

40. Lead removal from the copper-lead bearing is due to “sweating 
out” of the lead. What causes the “sweating out”? 



CHAPTER 11 


PROBLEMS OF LUBRICATION 


Introduction. The mechanical methods of applying the 
lubricant to the various parts of the engine have been developed 
to a point wliere the effective lubrication of the average Diesel 
engine is almost foolproof. The modern high-pressure lubricat¬ 
ing systems have reduced crankshaft and bearing wear to a 
small figure compared with that of some years ago. Provided a 
film of lubricating oil is maintained between working surfaces, 
it is not likely that actual failures often occur, as the oil is 
directly applied to bearings and all working surfaces through 
ducts and pipes under pump pressure and must reach all points 
to be lubri(;ated. Most of the problems of lubri(^ation are con¬ 
cerned with the oil itself, and what happens to the oil when used 
in the engine. 

Contamination of the lubricant. During the operation of an 
engine, certain heavy ends of the fuel oil find their way into the 
crankcase and dilute the lubricant. Some of the burned 
products get into the crankcase by working past the rings. In 
addition to these, in the lubricating oil will be water, dust, 
bearing cuttings, and free carbon. In other words, the oil 
originally supplied becomes contaminated. When an improper 
or inferior grade of oil is used, it is almost certain that the 
l)ody, or the viscosity of tlie oil, will drop below the point of 
safety, and damage usually results. The (contact of the lubricat¬ 
ing oil with the high heat o'f the combustion flame would destroy 
the film of lubricating oil on the cylinder wall if the cylinder 
were not properly cooled. 

If the jackets are filled with water at all times, however, 
experiment has shown that it is almost impossible to burn the 
oil film that is on the cylinder wall. The cylinder wall oil film 
is very thin, and it must be at a temperature approximately 
that of the wall itself, whicli is in turn about the temperature 
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of the water in the jackets. It is evident that any oil with a 
flash and a fire point of 400° F should stand up and not crack 
or burn while the cylinder wall is in contact with the combustion 
flame for the brief intervals during the firing period. 

The percentage of good lubricating oil that is burned or 
cracked by such means is very small and usually the burning 
of the film by contai^t with the flame is indeed small and harm¬ 
less. Properly operated, no other part of the engine attains a 
temperature sufficient to crack the oil. Any oil that reaches 
the combustion chamber by passing the rings will burn as fuel 
and will form carbon deposits. The contact of the oil with hot 
spots under the piston causes overheating and cracking of 
portions of the oil if the engine runs unduly hot. The contact 
with the hot surfaces causes decomposition of the light frac¬ 
tions, whicli evaporate and leave the crankcase V)y the way of 
the breather pipe or form into carbon deposits. This carbon 
formation mixes with the lubricant and gives it a dark color. 
The remaining oil, plus the contamination, makes up what is 
left in the crankcase. These parts of the oil that cracked against 
the hot central portion of the interior of the piston do not remain 
in the crankcase as oil. If these contaminants are generally" and 
regularly removed from the oil and the remainder treated, the 
oil will be practically as good as the original oil. It is the pur¬ 
pose of lubricating oil filters to take care of the contamination. 

When a lubricating oil is properly filtered or reclaimed, it 
should have a viscosity higher than that of the original oil. 
This is due to the fact that the oil has had removed from it those 
light hydrocarbons tliat are not removed at the refinery. The 
oil in the engine actually undergoes further distillation during its 
operation in the engine, and during the filtering and reclaiming 
process. Modern methods of filtering and reclaiming oils 
restore practically every property the oil had when new, both 
physical and chemical; and since it has been further refined, 
it is actually superior to the original oil, with a higher viscosity. 
It is quite possible that it is superior because it will certainly 
be free from those molecules that cracked against the hot 
pistons. It should also be comparatively free of the undesirable 
unsaturated hydrocarbons left in the new oil by the refinery. 
When it is again used in the engine, the oil should deposit less 
carbon than it did when used the first time in the engine, since 
it is free of the easily cracking molecules. It is those molecules 
in lubricating oils known as unsaturated hydrocarbons that cannot 
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stand the high heat of the engine during the operation that 
constitutes the basis of many lubricating problems. These 
light hydrocarbons are easily broken down during the normal 
operation of the engine. Removing these unsaturated hydro¬ 
carbons in the original refining process would be too expensive. 
No refinery could spare the expense to refine an oil as the engine 
itself can do during its continuous operation. 

How sludge is formed. When the oil is heated to the engine 
operating temperature, and at the same time, agitated with air, 
a definite oxidation occurs. The oil darkens in color and sludge 
begins to form. This sludge is recognized as a slimy, thick, 
viscous substance, which leaves deposits in the lubricating 
system. There is a maximum amount of sludge that will 
form from new oil in this manner, and after that maximum is 
reached, continued agitation will not form more. The opera¬ 
tion of an engine comprises a perfect sludge-forming process. 
When the sludge-forming hydrocarbons have formed into actual 
vsludge, the sludge is removed by filtering. This is why the oil 
becomes better after it has been used for a certain length of time, 
for it has had the original sludge-forming hydroc^arbons filtered 
out of it. 

It should be understood that all mineral oils become more or 
less oxidized during the agitation in the presence of high tem¬ 
perature and water together with water vapor in the engine 
crankcase. Where particles of air and water are suspended 
or retained within the oil itself, and where there are light 
hydrocarbons in the oil, oxidation is a natural chemical process 
that must occur as a result of the use of the oil in the engine 
under these operating conditions. This applies to even the 
best of oils. The reclaiming of the oil removes the acids due 
to this oxidation. It is the process of refining that renders 
lubricating oils as stable as possible, but it is practically impos¬ 
sible to render an oil absolutely nonreactive when it is subjected 
to detrimental conditions in the presence of air and water 
under high temperature as well as dust and dirt that come in 
with the intake air charge. This foreign matter actually 
forms a major part of certain kinds of deposits found in the 
engine. In addition to the abrasion and corrosion, such foreign 
matter acts in the same manner as the catalytic action of the 
metallic particles. 

The maintenance man and the operator require a con¬ 
siderable amount of technical and related information for a 
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thorough understanding of these problems of lubrication. 
It has been found that the bulletins and technical publications 
distributed by the major oil companies should be obtained 
and studied by the operators of Diesel engines. The refining 
and manufacture of lubricating oils is a highly technical process, 
highly developed and scientifically controlled by experts. It is 
evident that the average operator would require a very special¬ 
ized training in petroleum technology to select and use the 
proper grade of lubricating oil on his own judgment. He 
therefore depends upon and must place a great deal of confidence 
in the reliability and reputation of his supplier of oil. The 
relial)ility of the refinery is the most important consideration 
in purchasing oil for use in a Diesel engine. Here can be 
set forth only the kind and nature of problems of lubrication, and 
l\ow the operator may determine hy experience and observation 
when he has problems requiring the attention of expert lubricat¬ 
ing engineers. 

The continuous oxidation of the lubricating oil requires 
attention (*onstantly. When it is continuously agitated in the 
presence of water vapor and at a high temperature, oxidation 
occurs. Tlie amount of this oxidation depends upon the balance 
of operating conditions rather than on the grade of oil itself. 
And only a slight amount of air and water mixed with the oil 
with tlie nec^essary temperature and agitation is needed to 
start the oxidation reaction between the air and the water. 
The extent to which the oxidation occurs depends upon the 
degree of refinement of the original oil and a number of other 
factors. Certain hydrocarbons oxidize more than others. 
Unless the refinery has removed them through a very thorough 
and correct refining pro(;ess, the oil will oxidize more readily 
and may not be as satisfactory as it should be. It is here that 
the reliability of the refinery is the controlling factor. 

Factors that promote oxidation. Oxidation is said to be 
accelerated by the chemical effects of various metals, such as 
brass, bronze and iron, and perhaps by various kinds of foreign 
matter. It has been found that the presence of foreign particles 
of dust and dirt in an already emulsified oil promotes oxidation 
in forming insoluble sludges that are very harmful to lubrication. 
For this reason, many engineers say it is important to prevent, 
or reduce, emulsions of oil and water as far as possible. It is 
believed that if emulsion can be prevented, sludging will be, 
for all practical purposes, prevented in the engine lubricating 
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oil. It should be remembered that emulsion is simply oil and 
water agitated with the oil held in suspension. 

It is likely that the catalyzer/^ such as iron particles in 
the sludge, really promotes the oxidation. The emulsions 
themselves are not likely to clog the oil passages. It is the rust 
that first begins to form around the particles of foreign matter, 
and it is this rust that forms sludge, restricts oil ducts, and 
impairs the lubricating efficiency of the oil. 

The quality of the lubricating oil is restored by filtering and 
on many installations by the use of the centrifuge. Filtering 
systems are designed to remove the water, foreign matter, and 
sludge as rapidly as these are accumated in the oil. 

Nature of oxidation process. It has been said that sludge 
formed by agitation of oil and water in the presence of air and 
high temperature goes throiigli two steps: (1) Tlie colloidal or 
soluble stage is the initial development. (2) The sludge thus 
formed then becomes insoluble or permanent in form. The 
colloidal stage occurs when a stable emulsion is formed by 
the presence of water; however, colloids may not be present at the 
time the emulsion starts to form. Buch emulsions and colloidal 
sludges usually disappear at normal operating temperatures 
when the emulsions are not contaminated with tlie foreign 
matter, or aided by high temperature in oxidizing, and these 
are cleared up b}^ precipitating in the water. Sludge should be 
settled out when standing, with the result that the oil should 
be in tlie same condition as before agitation incident to the 
operation. 

It should be kept in mind that colloidal sludges are detri¬ 
mental even when they can be clarified. They interfere with the 
formation of a continuous film of lubricating oil over the surface 
that is being lubricated. Colloidal sludges should be removed 
as they are formed; if not, they are absorbed by the lubricating 
oil at the operating temperature. There are good and suffi¬ 
cient reasons for removing these sludges as they form in the oil. 
When left in solution with the oil, the sludges help break down 
the oil and this interferes with the separation of the contaminat¬ 
ing foreign matter, which in turn, exercises a catalyzing effect 
that promotes further oxidation; this leads to the formation of 
the permanent sludges that cause most of the lubricating oil 
problems. Removal by clarifying or centrifuging has for many 
years been the general practice in dealing with this type of 
sludge formation in all large plants. 
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Crankcase deposits. An analysis of crankcase deposits 
indicates that several kinds of substances are found in the 
average engine. These sludge deposits fall into two or three 
classes, depending on the nature of the sludge and hpw it is 
formed. The sludge formed by oxidation has been described. 
In the crankcase deposits is also found a sludge having the 
characteristics of tar. This tar forms as a result of the combina¬ 
tion of oil with oxygen at high temperature. Oxidation products 
of this kind are formed directly in the oil, and are not due to 
contamination as are other types of sludge. Still another 
kind of sludge is formed when the carbon originating in the 
combustion chamber, identified as soot, unburnt lubricating 
oil, and fuel oil carbon, works down into the crankcase. This 
sludge is composed of carbonaceous material not completely 
oxidized, or burned, and hence is in the form of soot. Such 
carbonaceous deposits also coat the combustion chamber and 
the top of the piston. When such carbon deposits work past 
the piston rings, and into the crankcase, they mix with the 
lubricating oil, and are carried to various parts of the engine; 
this results in clogged oil ducts and strainers. Tliis kind of 
sludge is black in color, and is found to comprise a great deal 
of the deposits found in the ring belt. 

The presence of soot due to incomplete combustion indicates 
that the fuel injectors should be checked, cylinders balanced 
for load, and generally, the injection timing should be checked. 
When the time for the renewal of the pistons, rings, and liners 
approaches, more and more evidence of incomplete combustion 
is noticed. The engine fouls up sooner and more cleaning is 
required to keep the rings working. The continuation of this 
kind of deposit and sludge also suggests the need for checking 
the fuel quality; and it perhaps indicates that a higher cetane 
fuel may be advisable. The use of detergent oils reduces 
this sort of sludge formation in tlie high-speed engines. Fre¬ 
quent draining of tlie oil, and proper attention to all filters 
tend to keep the amount of this kind of sludge to a minimum 
consistent with safety and longer life of the engine parts. 

Oil tar sludge. The tarry kind of sludge, black and sticky, is 
attributed generally to the prevailing high operating tempera¬ 
tures. Engines operating at high temperatures, especially 
when the lubricating oil temperatures are above the recom¬ 
mended level, usually produce a considerable amount of tar. 
This tarlike substance in sludge is usually found on the piston 
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skirt, where it is indicated by its brownish color, although it is 
often black when soot is mixed with it. 

A sludging study has been made of various kind of oils. The 
solution to the problem of sludge in a Diesel engine at the present 
time comprises the use of detergent oils in practically all high¬ 
speed engines. This oil is usually referred to as ^'additive,” 
or compounded,or detergent.’’ These oils consist of the 
base mineral oils to which has been added the compounding 
material. The usual additive agent has certain beneficial 
effects on the performance of the basic lubricant. These effects 
are as follows: (a) It acts as an inliibitor; (b) it improves the 
natural detergent property of the oil, namely, tlie ability of the 
oil to remove or prevent the formation of carbon deposits; and 
(c) it increases the affinity of the oil for the metal surfaces. 

Advantages of detergent oils. The use of the compounded 
oils for the lubrication of a Diesel engine helps reduce ring 
sticking, and prevents gum or varnish formation on the piston 
and such parts. When used in dirty engines, the detergent 
oil gradually softens and helps to remove the gummy, car¬ 
bonaceous deposits. This material is removed from the engine 
surfaces, but it is then carried in suspension in the oil, and, if 
too much is accumulated without change of oil, it may clog the 
oil filters. When the oil is used to clean a dirty engine, the 
crankcase should be drained two or three times at frequent or 
short intervals until the engine is thoroughly purged of deposits. 
During the cleaning-up process, the operator should drain 
the sump and clean the filters at any time that the gauge indi¬ 
cates an inadequate flow of oil. 

Drain periods. Compounded oils contain various percentages 
of the compounding materials, and the amount of such additives 
determine its eflSciency or life. The material added to the oil 
is consumed in preventing the formation of sludge and deposits. 
It is for this reason that the oil must be drained and replenished 
at regular intervals. Oil drain periods^ according to the 
experience of many authorities, should be governed by certain 
limits in order to obtain the most efficient results from the 
performance of the oil. When a chemical analysis shows that 
the following contamination has been reached, the oil should 
be drained: (a) Neutralization number, 0.5 maximum; (b) 
precipitation number, 0.5 maximum; and (c) fuel dilution, 5.0 
per cent maximum. These limits apply to straight-run mineral 
oil as well as to the compounded oils. It is considered good 
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practice to govern drain periods accordingly, although some 
margin of safe operation lies beyond these limits. This results 
in drain periods for large, slow-speed engines of about 500-hr 
duration, whereas for small engines, of the high-speed and 
medium-speed types, draining every 100 hr is recommended. 

Precautions with additive oils. Additive oils should not, 
as a rule, be mixed with straight-run mineral oils. It may be 
done in emergencies, but the practice is not recommended. 
The use of the earth type or the chemically active filters witli 
additive oils is not recommended, as this type of filter removes 
the additive. The most acceptable type of filters for use with 
additive oils are the cotton waste, yarn, or cellulose type. 
It is not possible to judge the performance of the filters by the 
color of the oil, as detergent oils become dark in color almost 
immediately, as a result of the fine particles of carbon sus¬ 
pended in them, which, however, are not harmful. It is the 
purpose of the additive to dissolve, remove and hold in suspen¬ 
sion the carbon in the form of particles too fine to cause trouble. 
The filters catch some of this suspended carbon. For this 
reason, the filters should be changed and cleaned at the same 
time that the oil is changed. The use of noncorrosive, additive 
oil is usually specified; however, very few of the additive oils 
(^an be said to be corrosive. When surfaces of the metal are 
etched, or the bearings are corroded, it is usually more logical 
to assume that the contamination of the lubricant by water and 
partly burned fuel oil is responsible, and not the lubricating oil 
itself. It is for this reason that the fuel system should be kept 
in good repair and adjustment at all times. Other precautions 
are to see to it that water, partly burned fuel, and all foreign 
matter are removed from the oil in the crankcase. Difficulties, 
too often blamed on the lubricant, are, as a matter of fact, due 
to poor operating practice, the design of the engine itself, or 
to the kind of fuel used. 

Foaming and its causes. There is a tendency for additive 
oils to foam when the quantity of oil used is large. All oils 
foam when aerated; however, foam produced in the compounded 
oils is more tenaceous and persists longer than that produced 
by the straight-run mineral oils. The aeration of mineral oils 
without additives is more serious from a service standpoint 
than the aeration of compounded oils, as the straight-run 
mineral oils quickly oxidize, form sludge, and develop acids, 
while the compounded oils contain the oxidation inhibitors that 
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reduce the rate of oxidation of the oils. It is evident that it is 
important to prevent, as far as possible, the aeration of the 
lubricating oil of any kind. 

When there are air leaks in the suction side of the oil pump, 
the oil may be so aerated that it will form foam. Foaming 
due to such leaks can be eliminated b}" repairing the leaks. 
The discharge oil lines should bring the oil back to tlie sump 
or into the tank at and above the oil level, thus allowing the 
entrained air to escape. A device installed to permit tlie air 
to escape from the oil is another precaution against foaming. 
Foaming is usually due to some mechanical operation, sucli as 
pumping, and involves the function of the lubricating system 
rather than the oil itself, or the operating condition. 

Centrifugal purification. The centrifuge (^an remove most 
of the dirt, mineral matter, and water and much of the carbon. 
It does not I’emovc soluble oxidation products and fuel dilutions. 
The centrifuge can keep the solids down to a low level; liowever, 
the oxidation products as indicated by the neutralization number 
increase, as does the viscosity. Ijighter oils are used as makeup 
to prevent this increase in the vis(*osity. Sometimes, stable 
emulsions are formed in heavy-duty oils and cannot be removed 
by ordinary centrifuge operation; it is possil)le, however, to 
heat the oil at the centrifuge to 180 to 200° F so that the emul¬ 
sions can be readily removed by centrifuging. 

The engine buildcr\s instruction book should contain very 
detailed instruct ions relative to the routine required to maintain 
the proper lubrication of the engine. A strict adherence to 
this routine is the first essential duty of tlie operator and 
maintenancre man. 

Filters for lubricating oils. A wide variety of filtering 
devices is available. Some of these filters on the market may 
remove very little of the contaminant from the oil, whereas 
some of them take out everything except the oxidation products, 
water, and fuel dilution. Standard fuel and luliricating oil 
filters have been developed in great numbers. There are 
efficient filters for lubricating oil of the detergent type. How¬ 
ever, the advice of the engine builder should govern all decisions 
involving the selection of filters and mediums used for filtering 
detergent oils. 

Recent developments. In a paper, entitled ‘^Modern 
Filter Developments as Applied to Fuel and Lube Oil Systems 
of Diesel Engines,’’ by C. A. Winslow, read at the Northern 
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California Section of the SAE, this subject was discussed in 
some detail. Mr. Winslow detailed certain points now good 
practice in the filter field. A portion of his paper is abstracted 
liere. The primary purpose of fuel filters is to prevent grit, 
gum, abrasives, varnish, and other impurities from passing 
from the fuel oil supply to the delicate and closely fitted working 
surfaces of the injection pump and still more delicate parts of 
the fuel nozzles, he says. Because the filter must t)e a one-pass 
filter, it is essential that the porosit\' through the filter be of 
such nature that the minimum dangerous particle size will not 
pass through the filter under the maximum velocity and pressure 
tl)at can be developed by the supply pump. An ideal filter 
[lookup would be one where only the fuel ac^tually used by the 
engine passes through the filter. The best precaution that any 
Diesel engine operator can take to insure continuous operation 
with clean fuel is to provide adequate settling space liefore the 
fuel is delivered to the supply tank, and to insure positive 
filtering tlirough adeciuately large filters at the time the fuel 
is delivered from tlie storage to the supply lines. 

Regarding Diesel lubricating oil filters, the magazine 
published b}^ tlie Texas Company, states: “Pre¬ 
cision bearings and cap and saddle bores into which they fit 
are machined to very close tolerances. With bearing linings 
of 0.002 to 0.005 in. thick, and with journal bearing clearances 
of 0.0015 to 0.0035 in., the matter of a few thousandths of an 
incli becomes important. The life of a bearing in service will 
depend on how well these clearan(*es can be maintained. Thus 
during fitting or bearing replacement, a misalignment of the 
order of 0.0010 to 0.0005 in., or a reduction in clearances of 
tlie same magnitude, may prove serious. Dirt is perhaps the 
greatest enemy of bearings. Engine manufacturers install 
filters to keep dirt out of engines because the}^ realize that 
tlie life of engines can be materially increased if the dirt is 
kept out.^' 

Since there are so many kinds of luln-icating systems to which 
filters are attaclied, or of which filters are a part, the accompany¬ 
ing illustrations are given to show some features that are applied 
with variations to many Diesel engine installations. Fig. 11-1 
shows a simple sliunt-type filter installation wherein tlie filter 
merely steals a certain amount of oil from the gauge line, 
filters it, and discharges it back into the lubricating oil supply. 
This is the conventional system used on most automotive and 
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vehicle engines that are not designed to receive the filter as a 
built-in part of the lubricating system. 

Fig. 11-2 shows a full-flow in-line system in which the filter 
is connected directly between the pump and the engine bearings. 
A by-pass is included in the filter that insures that the oil will be 


-OIL TO BEARINGS 


PRESSURE 
REGULATOR 
ON PUMP 



LUBE 

OIL 

SUPPLY 


Fig. 11-1. CoiiveiitiGiial Huioinatic-typo system—one pump. This system 
affords bearing protection only if oil is maintained clean. Any grit in the lubri¬ 
cating system is pumped directly to the engine bearings. 



Fig. 11-2. Full-How, in-line, system-one pump. This system provides sim¬ 
plicity of design with maximum bearing protection and adequately large filtid¬ 
ing area. 


delivered regardless of tlie function of the filter. Fig. 11-3 
shows a conventional pressure system in which the primarj- 
pump forces the pressure against the engine bearings, with the 
by-pass discharge back to the oil supply. This oil filter is 
operated by a separate pump while the pressure regulator from 
the intake to the discharge limits the maximum pressure against 
the oil-filter element. No by-pass is needed on the filter in 
this case, as it stops when the elements are completely clogged 
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up, and has nothing to do with the delivery of the oil to the 
engine bearings. 

Fig. 11-4 is a modification of Fig. 11-3, except that it is 
generally used with the dry-sump engines, the similarity being 
that two pumps are required, one to insure the pressure against 



Fics. 11-3. Shiint-typ(; system—two pumps. 3'hi.s systcun is similar to tho 
one shown in Fig. ll-I, in that the bearings are protected only as long as oil is 
maintained clean. (Irit or metal can be pumped directly from the crankcase to 
tiic bearings. 



Fig. 11-4. Dry-sump system—two pumps. This system affords maximum bear¬ 
ing protection and is recommended for all large installations. 

the engine bearings, and the second to scavenge the crankcase, 
to force the oil, hot and dirty, from the sump, through the filter 
to the oil supply tank. 

It is evident that not only must oil filters be changed and 
cleaned when necessary, but that also careful consideration 
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must be given to the type, size of filter and its application. The 
engine builder’s engineers are doing constant research to 
determine the best filters and recommend the proper practice 
in operation and maintenance of filters. 

The manufacturers of Diesel engines, as well as the oil 
companies, research men and others, liave given the utmost 
consideration to the selection of lubricating oils for the engines 
of today. Several important requirements are involved in the 
selection and proper use of lubricating oils: (a) minimum 
maintenance requirements, (b) improved operating efficiency, 
and (c) lower cost of operation. The requirements of Diesel 
lubricating oils, generally speaking, are tliat they should (a) 
lubricate all engine parts and bearings satisfactorily, (b) be 
noncorrosive to bearings and other parts, (c) prevent ring 
sticking and oil ducts and passages clogging, (d) reduce cylinder 
and ring wear to a satisfax^tory minimum rate, (c) prevent 
excessive carbon deposits on any part of tlie engine, and (f) 
be economical to use. An}' lubricating oil that satisfies this 
bill of requirements is acceptal)le. 

Organic acidity, Tlie products of oxidation of an oil are 
acidic. The neutralization number is a measure of this 
organic acidity. These acids are harmless in the ordinary 
sense, but they cause the oil to dissolve the lead or cadmium 
in the bearing composition. Thus, tlie increase in tlie neutrali¬ 
zation number of a clarified oil measures tlie amount of soluble 
oxidation products present tliat may form varnisli or lac(|uer. 
The neutralization number of some kinds of detergent oils 
gives a false result, with consequent fictitious estimates, and 
such a test for these oils is not applicable. 

The acidity measured by the neutralization number is 
defined by the American Society for Testing Materials as the 
weight in milligrams of potassimn hydroxide required to neu¬ 
tralize one gram of oil. This test is considered an important 
one in the study of Diesel engine lubricating oils. A maximum 
acid, or neutralization -number, has been agreed upon by 
certain authorities as a safe limit for Diesel crankcase oils, the 
tests being made at periodic intervals, depending upon tlie kind 
of oil in question and the service to whicli it may be subjected. 

Another means of testing the corrosive properties of a 
straight-run mineral oil is the use of the so-called copper-strip 
method. The strip is immersed in the oil for three hours at 
212*^ F. If the oil corrodes the strip, it may also be corrosive to 
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steel and other engine metals. It is a characteristic of many 
additive oils to give a dark, tarnished color to copper-lead 
])earings. This does not indicate corrosion of the bearings. A 
corrosion test is made to determine when the oil becomes 
(‘orrosive. The corrosive property of the oil may be determined 
when it comes from the crankcase by means of the copper 
strip test, wliich is very good for this purpose. 

The principal value of the analysis of used oil is the measure¬ 
ment of the amount of contaminants, which include foreign 
matter, mineral particles, oxidation products, carbonaceous 
matter, water and fuel dilution. The tests that show the condi¬ 
tion of the oil itself are neutralization number, copper-strip 
corrosion, bearing corrosion, and additive* content. 

Routine problems of lubrication. There are a number of 
routine problems of lubrication for which the instruction book 
sets up a proc^edure of operation and maintenance. Some 
of these are discussed here to sliow the relation to other engine 
and operation problems. 

i. Use of excessive lubricating oil. Investigation of all leaks 
and other disarrangements bearing on excessive lubricating oil 
consumption sliould l)e done promptly. I^eaky rings, worn 
(‘ylinders and worn bearings are on this list of things contributing 
to excessive lubricating oil. 

Low liibricaiing oil pressure. Broken oil lines or leaky 
connections may be in\'olved. Oil pump gears may be worn; 
even worn or loose bearings may result in low lubricating oil 
pressure. A dirt^' or stopped-up oil filter may cause low oil 
pressure. Check all of these when it is first noticed that the 
oil is excessive. 

3. Dilution of the lubricating oil. The same factors that may 
result in low oil pressure, also permit the dilution of the oil in the 
crankcase. Leaky injection nozzles, dribbling nozzles, and the 
like, including worn injector plungers, worn fuel pumps and 
s(;ored plungers may have some relation to this problem. 

Influence of idlvng on dilution a/nd sludge formation. It 
is important to avoid idling of the engine for long periods when 
this results in inevitable dilution of the lubricating oil. The 
prevention or removal of the sludge has been discussed. 

5. Prevention of dilution. The engine should not be operated 
with overloaded cylinders or run with smoky exhaust and with 
compression leaking past the piston rings. Smoke at the 
exhaust may be due to various causes other than overloading, 
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but the cause of the smoke should be determined by careful 
investigation. 



^ ^ J 



Fig. 11-5. Lible magnetic plug ust'd instc'ad of ordinary drain plug for crank¬ 
case or lube oil sump. This plug has anehort'd in it a magnet which attracts 
abrasive metal particles nhsulting from wear of bt'arings and g(‘ars. It is shown at 
the left before operation and at the right after operation. 


6. Periodic check. Several parts of the engine must be kept 
in good condition for operation if dilution is to be avoided. 



Fig. 11-6. 
Phantom view of 
magnetic plug, 
showing location of 
magnet in n'gular- 
ly constructed plug. 


The piston rings must function properly; stuck 
rings must be prevented. The valves must not 
leak, and the fuel injection system must be 
kept correctly adjusted and timed. Careful 
inspection of all filters, both fuel and lubricat¬ 
ing oil, helps to insure proper lubrication. It 
is also very important to maintain the air 
filters in good condition and keep dirt and grit 
out of -the engine. The engine should not be 
operated without an air filter, because crank¬ 
case sludge and formation of carbon are due 
in part to the dirt that comes in with the air, 
as has been shown. 

7. Starting procedure. The correct proce¬ 


dure in starting the engine should be observed. In cold weather 


frequent starting and stopping of the engine aggravates the 
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lubricating troubles. It is evident that a good deal of fuel dilu¬ 
tion occurs when starting an engine even under the best 
conditions. 

8. Pressure adjustment. Improper adjustment of the pres¬ 
sure-regulating device, failure to maintain correct oil pressure, 
and failure to investigate the cause of low oil pressure are the 
chief sources of many problems of lubrication. A routine 
inspection is usually detailed in the instruction book, and should 
be carefully followed up and complied with in every detail. 
The following should be checked before actually maWng any 
adjustments of the oil control or pressure relief valve: 

a. Determine if the oil is too tliin for proper lubrication. 

b. Check the oil supply to determine if it is low or the 
system is leaking. 

c. Determine if the oil filter is clogged, or the filter 
elements fouled up. 

d. See that the oil screen in the crankcase is not clogged, 
as a result of sludge, dirt, and foreign matter. 

e. Examine all oil lines for leaks. 

When the low oil pressure cannot be traced to any of these, 
the pressure relief or oil control valve may need adjustment. 
Clogging oil lines, a common enough thing in engine main¬ 
tenance, can be prevented through inspection and care in 
handling the oil supply, taking the necessary precautions to 
keep it clean, and prompt maintenance of filters that are dirty 
as a result of contamination. The entire filter should be dis¬ 
mantled and cleaned at intervals, on general principles. When 
screens clog, the flow of oil is retarded, and a reduced quantity 
is pumped through the system. The screens, therefore, must 
be kept clean and free of gummy deposits, foreign matter, and 
any lint that may form part of the obstruction to the free flow 
of the oil through them. 

9. Exhaust valve lubrication. The lubrication of the exhaust 
valves of the engine is a special item. A very small amount of 
oil is required, but the value must be lubricated. On the other 
hand, when excessive oil is used, the valve is corroded and 
carbon is formed on account of the high heat that bakes the 
oil on the valve and stem. These several minor points in 
connection with the lubrication and maintenance of the engine 
should be thoroughly appreciated. When the exhaust valves are 
sticking, they may be freed with a mixture of kerosene and 
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NOTES : THE ENGINE ROOM LAYOUT SHOULD BE PLANNED TO PERMIT THE OIL 
LINES TO AND FROM THE CLARIFIER TO BE AS SHORT IN LENGTH AS POSSIBLE. 

BEFORE CHANGING REFILLS DIVERT THE OIL FLOW THROUGH THE AUXILIARY STRAINER 
BY OPENING VALVE A AND CLOSING VALVE B. 

IT IS RECOMMENDED THAT THE SLUDGE DRAINS BE EQUIPPED WITH VALVES TO FACIL' 
ITATE draining OF SLUDGE WHICH SETTLES TO THE BOTTOM OF THE CLARIFIER. 


Fig. 11-7. Layout of installation of clarifier (Briggs) showing general piping 

arrangement. 

lubricating oil applied to the valve stem. Idling the engine 
sometimes starts the exhaust valves sticking. 

10. Miscellaneous items. The color of the oil has practically 
nothing to do with its lubricating value. Good oils should be 
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Fig. 11-8 TIk* oil clarifier opcTates to maintain the lubricating oil with 

the precipitation number .Ofi and neutrali/ation number .3 by the use of Fuller’s 
earth block n‘fills, which absorb dirt, carbon, metal particles, and adsorb solu¬ 
ble acids, gums, and lesins An all-cellulose refill is used with detergent oils, 
the clarifier being so constructed that the cellulose and Fuller’s earth refills are 
in t erchangeable. 
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low in acidity, since acid sets up the corrosive processes. Impor¬ 
tant considerations are acidity, carbon residues, poor tests, 
flash and fire point, and demulsibility. The divisions of oils 
into light, medium, and heavy classes at atmospheric tempera¬ 
tures means very little. There is no standard by which this 
classification is determined; it is mislead¬ 
ing, and should be abandoned in our 
thinking of oils. Oil does not wear out. 
Oil drained from the crankcase is just as 
high in quality as it ever was. It is con¬ 
taminated, but the oil itself is uninjured 
by its use in the engine. When reclaimed 
and corrected for viscosity by addition of 
some bright stock, the oil is better, as a 
rule, than when it was first placed in the 
engine. The engine is a refiner, and it is 
only necessary for the filtering to remove 
the contaminants. 

Summary and check list. The causes 
and effects that involve problems of lubri¬ 
cation are factors that may be related to 
the mechanical adjustments, the lubricant 
itself, or the failure of other parts of the 
engine. The following comprise a check 
Fig. 11-9. Cellulose list which should be Used for reference in 
This t^pe orfi?tor ^refill dealing with the problems of engine 
is used for small Diesel lubrication: 



and gas engine applica¬ 
tions having pressure lu¬ 
bricating systems and 
hydraulic systems and 
using detergent oils. 


1, High lubricating oil temperatures. 
There are various reasons for high lubri¬ 
cating oil temperatures, all of which 
should be understood, and checked by 


the operator whenever any evidence of such troubles or difficulties 


is encountered: 


a. Insufficient oil in the oil sump, or pump failure. 

b. Insufficient crankcase capacity for the engine load. 

c. Insufficient or low oil circulation and pressure. 

d. Clogged up oil cooler, or filters. 

e. Incorrect oil viscosity, oil too thin, and dilution. 

f. Sludge coating the crankcase, and preventing cooling. 

g. Overheated bearings; pistons and rings running hot. 

h. Insufficient jacket water cooling. 
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i. Dirt coating the outside of the crankcase, as occurs to 
vehicles that are operated in extremely dirty and dusty 
places, 

j. Late buniing of the fuel, injection retarded. 


2. Abnormal crankcase deposits. Whenever the crankcase 
deposits are abnormal, as evidenced by 
high oil temperatures, and other troubles, 
the following may be related to the 
problems: 



a. Water in the crankcase, causing 
sludge. This may be due to 
blow-by. 

b. The cylinder cooling system 
and piston cooling may not be 
functioning properly. Check 
the entire cooling system. 

c. The lubricating system may be 
fouled and heavy sludge forma¬ 
tion taking place. 

d. Mineral matter from dust, cyl¬ 
inder wear, bearing wear, and 
dust from the atmosphere. 

e. Carbon from partly burned fuel 
oil, residue from evaporation of 
the oil film, oxidized oil particles. 

f. Oxidized oil, due largely to blow- 
by, improper oil, excessive oil 
spray, and high oil temperatures 
from hot spots on the pistons. 

3. Excessive lubricating oil consump¬ 
tion. A number of factors are usually 
involved, but the causes are usually not 
far to seek: 


<? 

♦ 


Fig. 11-10. Fuller’s 
earth refill for Briggs filter 
or clarifier. This type of 
filter is usually designed 
for a by-pass installation 
off the oil pressure line, 
or installed independently 
w’ith an auxiliary pump or 
pump and motor. It is 
used with straight-run min¬ 
eral oils. 


a. Excess oil on the cylinder walls, due to overlubrication. 

b. Bearing clearance too large, excess bearing end play. 

c. Ineffective oil ring control. (Inspect the rings.) 

d. Excessive piston clearance, worn liners, and pistons. 

e. Cylinders, rings, and ring grooves worn. 

f. Insufficient ring gap and stuck piston rings. 

g. Scraper edge of oil rings worn off and rounded, or the 
oil rings clogged up. 
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h. InsuflScient oil viscosity, due to new oil being too thin, 
or light, fuel oil dilution, or thinness due to high oil 
temperatures. 

i. Oil leaks, wrist pin plates too tight, excessive suction on 
the crankcase and breather. 

j. Excessive speed, due to light load operation and idling. 

k. Lubricating oil carbon formation, usually due to 
improper oil, underheating and low-load operation. 
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QUESTIONS 

1. What technical information does an operator need on the 
subject of oils and lubrication, and where may he obtain additional 
information? 

2. Should the operator depend on his own judgment when select¬ 
ing and using a lubricating oil, or should he take advantage of the 
advice of experts? 

3. What is oxidation of the lubricating oils and what causes it? 

4. What factors determine the extent of oxidation? 

5. What genei'al conditions contribute to oxidation? 

6. Why is it desirable to prevent emulsions of oil and water? 

7. Is it possible that emulsions alone would clog the oil ducts? 

8. What are the means employed to remove sludge and con¬ 
taminants from the oil in the crankcase? 

9. How is sludge formed as a result of oxidation? 

10. Should colloidal sludges impair the lubricating properties, and 
foul the lubricating system when they can be clarified in the natural 
course of engine operation? 

11. Why is it advisable to remove colloidal sludges as formed? 

12. What is the usual precaution when sludges form in the crank¬ 
case? 
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13. What are the purposes of a filtering and reclaiming system? 

14. What is an effective method of oil purification? 

15. Name the kinds of sludge found in the crankcase oil, and tell 
how each is formed. 

16. What is the composition of oil sludge? 

17. What is soot, and how does it promote sludge? 

18. What promotes the formation of oil-tar sludge? 

19. What are ‘detergent” oils, “additives,’’ and compounds? 

20. What advantages are claimed for detergent oils? 

21. What is the real meaning of “ detergeiu^y ” ? 

22. How does the additive reduce the sludge formation and pre¬ 
vent carbon deposits? 

23. What determines the efficiency of detergent oils? 

24. What chemical tests are made to determine the limits for chang¬ 
ing the oil, and what factors are involved? 

25. Name some of the precautions when using additive oils. 

26. Why cannot chemically active filters be used with additive 
oils? 

27. What is foaming, and what causes it? 

28. Is foaming more serious with additive oils or with straight 
mineral oils? 

29. Is it important to prevent aeration of oils? Why? 

30. What is done to reduce or prevent aeration of oils? 

31. What kind of filters are recommended for additive oils? 

32. What are some of the filter problems? 

33. What are the requirements for a satisfactory filtering system? 

34. What is meant by “ organic acidity,” and how is it determined ? 

35. What is the “copper-strip test,” and when is it used? 

36. What may cause excessive lubricating oil consumption? 

37. What checks are made for low lubricating oil pressures before 
adjusting the relief valve? 

38. How may dilution be prevented, and what steps are taken 
when oil is found to be diluted? 

39. Why are pressure adjustments important, and what checks are 
made at the time adjustment of pressure of the oil is considered? 

40. What importance is attached to valve stem lubrication? 



CHAPTER 12 


FUEL OIL AND COMBUSTION PROBLEMS 


Introduction. The chemical nature of a Diesel fuel, particu¬ 
larly its ignition quality, determines its performance in an 
engine. In the gasoline engine, it is desirable that the self¬ 
ignition point be as high as possible in order to avoid the 
detonation of the last portion of the charge to burn. The desir¬ 
able quality of ignition in the Diesel engine is quite the opposite 
of that for the gasoline engine fuels. In the Diesel engine, 
it is highly desirable that the self-ignition point be as low as 
possible in order that the fuel may ignite in the shortest possible 
time after its injection into the combustion chamber. The 
designer of the Diesel engine undertakes to develop a combustion 
system that completely burns all the fuel in the time available 
without too great a rise in the combustion pressures. 

Ignition quality and the delay period. It has already been 
shown that, for any given injection timing, the rate of pressure 
rise produced during the second stage of combustion depends 
upon the duration of the delay period in the first stage of com¬ 
bustion, or the time required during the first stage of combustion 
for the fuel to start burning. The longer this delay period, the 
more rapid is the rate of pressure rise, and hence the peak 
attained, since a greater amount of fuel will be injected before 
the rate of injection and burning comes under the control of 
the injection system. A reduction of this delay period con¬ 
cerns the fuel oil supplier in the same manner as it does the 
designer. The shorter this delay period, the longer is the 
second period during which the mechanical control of the injec¬ 
tion is exercised. While the duration of the injection and the 
delay period are determined to a great extent by the designer, as 
outlined in the discussion of the fuel-mixing problems, it is also 
one of the principal fuel oil problems. It must be kept in 
mind that the ignition quality of a Die.sel fuel is determined 
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by ifes chemical structure, and for this, reason, many problems 
directly concerned are chemical problems. 

Properties of Diesel fuels. Various properties of Diesel 
fuels must be considered from chemical and physical standpoints. 
The principal ones are ignition quality, viscosity, boiling range, 
cleanliness, and carbon test. Specifications usually list the 
Conradson carbon test and the sulfur, flash, and fire points. 
These requirements of a Diesel fuel are well estabUshed, and 
may be briefly defined as follows: 

1. Viscosity. There are three important considerations and 
problems related to viscosity that have some relation to other 
engine operation and maintenance problems. 

a. The viscosity of the fuel must be sufficiently low for 
the fuel to flow freely at the lowest temperature at 
which it will be stored and handled. Of course, in 
cold climates, ample provisions are made for heating 
the tanks and fuel lines during extremely cold periods. 

b. The viscosity must be high enough, and therefore have 
adequate lubricating qualities, to lubricate the injec¬ 
tion pump parts and prevent leakage at the nozzles 
and pumps. 

c. The viscosity should be suitable for the fuel injection 
system itself so that it will readily atomize, as well as 
give correct penetration into the combustion chamber. 

£. Cetane number. The cetane number must be sufficiently 
high to provide satisfactory starting as well as to meet the 
combustion requirements of the particular combustion system. 

3. Gravity. The gravity of a good Diesel fuel is usually 
between 22 and 28 when maximum economy is concerned. 
This property is not as important as proper viscosity and 
ignition quality, since the difference in heat content has only 
slight variation with gravity. 

. 4 . Carbon residue. It is desirable that the carbon residue 
be low in order to obtain clean combustion. 

5. Corrosion test. It is highly desirable that the fuel be 
free of corrosive properties. 

6. Flash point. The legal requirements for safety in 
handlin g fuels are specified by fire insurance and underwriters 
codes, and all fuels meet these requirements. 

7. Sediment. It is desirable that there be as Uttle bottom 
sediment and water as possible, but it is not always possible 
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to secure absolutely clean fuel, or keep it clean in transit and 
storage. Cleanliness is one of the most desirable and essential 
properties of a Diesel fuel. More than a trace of foreign matter 
in the fuel will cause fuel injection pump and nozzle troubles. 

Classification of Diesel fuels. Diesel engines are usually 
designed to operate on a given grade of fuel, depending on the 
design of the engine. The various grades of Diesel fuels have 
been classified by the American Society for Testing Materials 
(ASTM). Tables 12-1 and 12-2 list these classifications and 
the type of engine for which each grade would be most suitable. 
This particular classification was approved in 1941, but there 
have been other recommendations since that time. Con¬ 
siderable experimental work has been done recently, and during 


tablp: 12-1 

ASTM- -Diesel Fuel Oil Classification 



1 

Grade of Fuel 



1-1) 

2-D 

3-D 

4-D 

Viscosity, Savholt Universal, 100° F, min. 

_ 

32.6 

_ 


@ 100° F, max. 

— 

45.5 

65 

140 

Poor point, F°, max. 

0 

20 

35 

35 

Cetane number, min. 

i 50 

45 

35 

30 

Flash point, F°, min. 

100 

140 

140 

140 

Carbon residue, % by weight, max. 

— 

0.20 

1.0 

3.5 

Ash, % by weight, max. 

0.01 

0.01 

0.02 

0.05 

Sulfur, % by weight, max.. 

0.05 

1.0 

0.5 1 

2.0 

Water and sediment, % by volume. 

0.05 

0.05 

0.1 1 

0.5 

Distillation: 90%, F° F, max. 

— 

650 

— 1 

— 

End point, F°, max. 

590 

700 

_ 1 

1 



TABLE 12-2 

Fuel Bix ommkndation—Type of PJncjine 
ASTM Data 


Grade 
of Fuel 


Type of Engine 


1-D Solid injection engines operating at over 100 rpm. 

3- D Solid injections engines operating from 350 to 1000 rpm. 

4- D Air injection engines operating from 200 to 400 rpm, and solid injection 

engines operating with cylinder diameters of 16 in. when operating 
under 240 rpm. 
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the war by the Army and Navy in experimental activities. It is 
expected that much information will soon be available on new 
fuel oil specifications. Report of some recent research will 
be quoted in this chapter. 

Fuel oil specifications. Fuels are sold on specifications. 
The grade of fuel, and many other items in addition to those 
listed are included in commercial specifications. The impor¬ 
tance attached to fuel oil specifications is evidenced by the 
attention given to this matter by nearly all engine builders. 
The manufacturers usually specify exactly what kind of fuel 
should be used with their engines. There is a definite relation 
between fuel specifications and Diesel engine operating problems 
that should be well understood by the operator. Funda¬ 
mentally, these basic relations are as follows; 

1. Distillation. Distillation is determined by boiling. The 
lower the boiling range, the less the smoke that is emitted by 
the high-speed Diesel engine. High boiling point fuels give 
trouble in several ways. 

2. Viscosity. In addition to the lubricating value neces¬ 
sary for fuel pump and injector parts lubrication, viscosity 
determines the size of the fviel spray droplets formed by the 
injection nozzle. This droplet size determines the degree of 
atomization and the penetrating capacity of the droplet. The 
atomization and penetration qualities of the fuel oil spray 
must be determined for any fuel before it is used in the Diesel 
engine. 

3. Ignition quality. The ability of the fuel to ignite spon¬ 
taneously in a particular combustion chamber determines the 
ease of starting the engine; smoking and knocking also determine 
engine success and these are related to ignition quality. When 
self-ignition temperatures are too low, the engine will smoke at 
light loads under low temperature operation. 

Gramty. The gravity of the fuel is related to the Btu 
(content, this relationship being approximately: 

Btu per pound = 17,080 -f- 60 X API gravity. 

Since heavier fuels have greater Btu content value per gallon, 
the heavier fuels are more ecionomical. However, the lighter 
fuels are more desirable. Cli’avity, however, should not be 
used to govern the selection of the fuel or gauge its suitability 
for any particular operation, since fuels of the identical gravity 
may differ widely as to viscosity and ignition quality; and it is 
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these two characteristics that are the most important in selecting 
a fuel for Diesel engines, 

5 . Carbon residue. The amount of free carbon that may be 
expected to form in the combustion chamber and on the piston 
may be determined by the carbon residue tests, a standard 
procedure for all fuels. 

6. Ash content. The ash remaining after a sample is burned 
for testing usually consists of such impurities as sand, rust, and 
other extremely abrasive matter. The ash content should be 
low to avoid wear of the engine cylinders, valves, and rings. 
The impurities form a large part of the ash in carbon deposits. 

7. Waier and sediment. Fuel cleanliness is necessary to 
prevent damage and wear of fuel pump parts. Water and 
sediment cause corrosion of these parts, and this is an item that 
should be checked for all fuel oils. 

8. Sulfur content. Any excessive amount of corrosive sulfur 
will damage the engine, since the sulfurous acid will react with 
the water and form sulfuric acid which causes wear of the liner 
and other engine parts. Sulfur may also reach the crankcase 
through condensation of the water vapor during cold weather, 
and interfere with the lubrication of the engine parts and corrode 
the bearings and shafts. 

9. Cetane number. This is a method of measuring the 
ignition quality of the fuel, accomplished by determining the 
ignition delay in an engine cylinder by a standard test procedure. 
The complete method is described by the Coordinated Fuel 
Research Committee in the report. 

Fuel requirements of automotive Diesel engines. A progress 
report of the Automotive Diesel Fuels Division of the Coordinat¬ 
ing Fuel Research Committee, Society of Automotive Engineers, 
was published in the SAE Journal, March, 1945. This paper, 
presented at the SAE National Fuels and Lubricants Meeting, 
Tulsa, Oklahoma, November 10, 1944, reported results to date 
of a study undertaken to determine the effects of ignition quality, 
viscosity, and volatility -of fuels on engine performance, with 
particular reference to engine deposits, odor and lachrymation, 
low-temperature starting, power output, fuel consumption, 
exhaust cleanliness, and engine smoothness. This report 
indicated the importance of cetane number in engine starting, 
combustion roughness, misfiring, and varnish formation. It 
also showed that less viscous and correspondingly high volatility 
fuels gave better engine combustion, as evidenced by cleaner 
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exhaust and less deposition in the engines tested. For all 
practical purposes, this report Jioted, it seems that the API 
gravity of fuel can be taken as a measure of its heating value, 
which, in the opinion of these investigators, appeared to be 
the most important single property affecting economy and 
power. 

Seven special test fuels were obtained by the committee for 
a series of tests on a group of engines, and the experiments were 
conducted in such a way as to permit the study of the effect of 
variation in a single fuel property while holding the other 
properties substantially constant. Three groups of fuels were 
used for studying the separate effects of cetane number, vola- 


Fuel numbers 



Fig. 12-1. Variation of eiiKine deposits with cetane number (engine No. 7). 

tility, and viscosity. The specifications and combinations of 
these fuels are shown in Tables 12-3 and 12-4. Group I was 
selected to show the effect of cetane number; Group II, the 
effect of viscosity; and Group III, the effect of boiling range. 
An abstract of the report follows, and the accompanying graphs 
indicate the results obtained. 

Engine deposits. The engine deposits included combustion 
chamber deposits of carbon and lacquer formed in the ring 
belt area and on the skirt of the piston. Figs. 12-1 and 12-2 
show the deposits plotted against fuel properties. It is noted 
that a change in carbon deposits resulted in a correspond¬ 
ing change in lacquer formation. Both carbon and lacquer 
formation and deposits decreased with increasing cetane 
numbers, but increased with increasing viscosity. 
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TABLE 12.3* 

Physical Properties or CFR Full-scale Diesel Test Fuels 


Fuel Number 


Property 

1 

2 

3 

4 

5 

6 

7 

Ignition quality: 

Diesel index number. 

40.5 

56.6 

70.7 

64.2 

43.9 

53.8 

48.7 

Cetane number. 

37.5 

48.9 

59.7 

46.6 

44.3 

50.5 

45.2 

Viscosity at 100° F: 
Kinomatic centistokes. 

3.09 

2.98 

2.865 

1.378 

7.387 

3.324 

2.705 

Saybolt Universal, sec. 

36.1 

35.9 

35.4 

30.4 i 

49.8 

36.98 

3.5,2 

Distillation, F: 

IBP.. 

382 

371 

361 

311 

452 

484 

333 

10% point. 

444 

436 

429 

347 

528 

504 

399 

50% point. 

508 

515 

519 

394 

608 

516 

514 

90% point. 

604 

609 

612 

491 

691 

536 

639 

KP. 

669 , 

654 

658 

543 

730 

558 

700 

Clravitv, API. 

30.7 

35.9 

41.1 

44.7 

28.3 

34.8 

34.5 

Flash, PM, F. 

169 

167 

158 

119 

226 

230 

147 

Pour point, F . 

-30 

— 5 

+ 15 

-45 

-30 

-15 

+5 

Water and sediment. 

Trace 

Trace 

Tra(^e 

Tra(‘e 

Trace 

Trace 

Tra(r(' 

(V)rrosion at 212° F. 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Total sulfur, %. 

0.409 

0.215 

0 079 

0.1003 

0.103 

0.105 

0.26 

Carbon residue (10% Btins).. 

0 102 

0.025 

0.014 

0.012 

0.917 

0.026 

0.035 

Ash. 

0.005 

None 

None 

None 

0.035 

None 

Trac(‘ 

(yolor . 

2M 

1 < 2 

! 

1 

}4 


1 + 

2H 





Fuel (brnbiiiatioiiH—With One Property V^arying 


Croup 

No. 

1 

Fuel 

No. 

C’etane No. 

Grav¬ 

ity, 

API 

Viscositv, 
SSU ^ 

Distillation F 

_ 

IBP 

10% 

50% 

90%' 

i 

FP 

1 

1 

37.5] Main 

30.7 

36.1 

382 

444 

508 

604 

669 


2 

48.9 Jvari- 

35.9 

35.9 

371 

436 

515 

609 

654 


3 

59.7; ation 

41.1 

35.4 

361 

429 

519 

612 

658 

11 

4 

46.6 

44.7- 

30.4 J Main 

311 

347 

394 

491 

543 


2 

48.9 

35.9 

35.9 [ vari- 

371 

436 

515 

609 

654 


5 

44.3 

28.3 

49.8/ ation 

452 

528 

608 

691 

730 

111 

6 

50.5 

34.8 

37.0 

484 

504 

516 

536 

558 \ Main 


2 

48.9 

35.9 

35.9 

371 

436 

515 

609 

654 1 vari- 


7 

45.2 

34.5 

35.2 

! 333 

399 

514 

639 

700) ation 


* SAE Journal, March, 1945. 
























Test fJxGiXE Specifications 


No»- 

zle 

Open¬ 

ing 

Pres¬ 

sure, 

pei 

1750 

1750 

1750 

1750 

1750 

1500 

1500 

1500 

1600 

1700 

1700 

1 ^ 

Own 

Own 

Bosch 

Bosch 

Bosch 

Own 

Own 

Own 

Bosch 

Bosch 

Bosch 

Injec¬ 

tion 

Pump 

0»T1 

Own 

Bosch 

Bosch 

Bosch 

Own 

Own 

Own 

Bosch 

Bosch 

Bosch 

Combus¬ 

tion 

Type 

Precom¬ 

bustion 

Precom¬ 

bustion 

Precom¬ 

bustion 

Precom- 

bustion 

Precom¬ 

bustion 

Open 

Open 

Open 

Precom¬ 

bustion 

Lanova 

Lanova 

1 iii 

1 *0 


Compres¬ 
sion Pres¬ 
sure, psi 

745 at 1525 

695 at 1400 

540 at 1200 

540 at 1200 

540 at 1200 

500 

500 

500 

375 at 165 
480 at 1000 

"2 p, 

iM'^ COO C5»cc5-t 

eoT»* o6 — eoo Mw 

Cycle 

-t* -t -f N M -t< -f 

Com¬ 

pres¬ 

sion 

Ratio 

18.5 

17.1 

15.2 

15.2 

15.2 

19.0 

19.0 

19.0 

14.5 

14.6 
14.57 

No. of 
Cylin¬ 
ders 

yfi yf yi, yy n f-> eo io cDO 

Dis- 

l>lace- 

ment 

per 

Cylin¬ 
der 
cu in. 

55.2 

78.0 

85.1 

85.1 

85.1 

71.0 

71.0 

71.0 

79.0 

76.1 

86.3 

Stroke, 

in. 

v:# voe 

i-l\ rt V pts 

lO »f5 <0 0 0 O O O »0 O »Q 

aJ 

o.S 

PC 

0i\ i-f'. i«t-, »s\ fJ*. i9\ 

‘a- 

O 

o o pq 

^ § 3 5' 5 c 

Q c iii feSS 0 «S 

SC© 

W 

cc-^o Ot-QCO o-< 

Company 

Reporting 

Caterpillar 

Sinclair 

Fairbanks. Morse 

Pure Oil 

Tidewater 

Atlantic 

Shell 

Tidewater 

Soeony-Vacuum 

Mack 

Standard Oil. 

N.,J. 


Caterpillar 

Fairbanks 
Morse & 

Co. 

General 

Motors 

Hercules 

Mack 
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Low-temperature starting. The investigation established 
the relative importance of those properties of the fuels that are 
thought to have the greatest effect on low-temperature starting. 
Starting temperatures were plotted against various fuel proper¬ 
ties, and the only definite 
trend indicated was the 
relation between the ease 
of starting and cetane 
number. This is shown 
in Fig. 12-3. As temper¬ 
ature decreased, the mini¬ 
mum temperature for 
satisfactory starting in¬ 
creased with an increase 
in cetane number. 

Fuel consumption. 
Tests at various loads and 
speeds to determine those 
properties of fuels of the 
seven test fuels that have 
the greatest influence on 
fuel consumption were run 
on various engines. The comparisons, based on heat content 
and/or API gravity, were reported. The difference between 



Fig. 12-2. Variation of engine deposits with 
viscosity (engine No. 7). 



Cetane number 


Fig. 12-3. Low-temperature starting tests (engine No. 11}—relation of ease of 
starting to (cetane number. 

fuel consumption on a weight and a volume basis is important, 
and is shown in Figs. 12-4, 12-5, 12-6 and 12-7. Specific fuel 
consumption decreased directly with an increase in API gravity 
for all loads and speed when expressed in pounds per brake 
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horsepower-hour for full rated load, as is shown in Fig. 12-4. 
On the volumetric basis the specific fuel consumption (pt per 
bhp-hr) was found to increase directly with an increase in 
API gravity for all loads and speeds, as is illustrated in Fig. 
12 - 6 . 


Hwt of combustion (H H V), Btu per lb 



Fig. 12-4. Variation of average speeific fuel consumption (weight basis) 
with API gravity; results are average of data obtained on engines Nos. 3 and 8 for 
all loads and speeds. 


Heat of combustion (HHV), Btu per lb 



Fig. 12-5. Variation of average specific fuel consumption (weight basis) 
with API gravity; results are average data for engines Nos. 3 and 8 at full rated 
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Heat of combustion (HHV), Btu per gal 
I35lOOO 136^000 137000 ISaOOO 139.000 MQOOO 141,000 


iasa 


u_u_u.u 

II IN 




luj ^ loacf— 


A PI gravity 

Fig. 12-6. Variation of average specific fuel cH)nsuinf)tioji (volumes basis) 
with API gravity; results arc average data on engines Nos. 3 and 8 at full rated 
speed. 

Heat of combustion(HHV},Btu pergal 
135.000 iKiOOO 137000 138,000 13^000 MQOOO MIOOO I4Z000 M: 




. API gravity 

Fig. 12-7. Variation of average specific fuel consumption (volume basis) 
with API gravity; results are average data obtained on engines Nos. 3 and 8 for all 
loads and speeds. 

Exhaust smoke. The average smoke value for the various 
fuels as it is related to fuel viscosity is shown in Fig. 12-8. 
There is an increase in smoking with an increase in viscosity 
at all engine loads. Cetane number had but small effect on 
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smoke under all conditions of the tests, however, the relation 
between smoking and mid-boiling point, Fig. 12-9, is wsimilar to 
that obtained for viscowsity, Fig. 12-8, which is not unexpected 
since viscosity and mid-boiling point vary directly with fuels 
of constant cetane number. Cetane number, however, is a 
factor in smoking at accelerated speeds after idling period, 
according to a previous report referred to but not quoted. 

Fuel numbers 





1 

1 

iQ 

_L 



50% Load 



Viscosity, 55U 

Fig. 12-8. Variation of smoke with viscosity for engine No. 8 below and engine 
No. 9 above. Smoke increases with incrtiasc in viscosity at all loads and speeds. 

Effect of cetane number. The report pointed out that from a 
standpoint of relative rouglmess, as well as the ratio of the rates 
of pressure rise, engine roughness decreases with increase in 
cetane number. This is in line with previous experience. 

Effect of viscosity and volatility. Fig. 12-10 indicates an 
increase in roughness as the viscosity is increased, which is 
said to be due to the slight increase in British thermal units 
per pump stroke obtained with the higher viscosity fuels. The 
ASTM 90% and end points showed no perceptible effect on 
roughness over the range studied. 
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As a result of this investigation and previous studies, a 
new set of fuel requirements or specifications was proposed. 
At the suggestion of several Diesel engine manufacturers and 
operators, the chairman of the Automotive Diesel Fuels Division 
of the CFR appointed a committee to review the available data 
and make recommendations as to the fuel requirements of the 
various classes of Diesel engines. The committee met and 
on the basis of the results of the work done by the Full-Scale 


Fuel numbers 



Fig. 12-9. Variation in smoke of four engines (Nos. 3, 8, 9, and 10) with mid¬ 
boiling temperatures. This graph is similar to that obtained for viscosity, since 
viscosity and mid-boiling point vary with fuels of constant cetane number. 

Group, supplemented by the general knowledge and experience 
of the individual members, drew up the Diesel Fuel Classifica¬ 
tion, Table 12-4. This classification was discussed at the 
meetings of the Automotive Diesel Fuels Division of the SAE 
and the CFR, and was accepted by both groups without change. 
This may be compared with the ASTM classification previously 
given in this chapter (Table 12-1). 

Viscosity and operation. It is now evident that the control 
of the injection timing and the amount of fuel injected depends 
upon keeping the viscosity of the fuel within prescribed limits. 
Some of the common distillate fuels used for high-speed Diesel 
engines have a low viscosity that may be the source of certain 
operating difficulties. When the viscosity is too low, a con¬ 
siderable leakage past the fuel pump plungers takes place as 
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well as inevitable wear of the injection pump and valve parts. 
This leaking of the pump will vary the injection timing to some 
extent as well as reduce the amount of fuel injected. As the 
wear on the injection pump elements continues, the leakage of 
thin fuel increases to a point where continuous small main¬ 
tenance adjustments become troublesome. Such adjustments, 
usually made to improve the smoothness of operation and to 
eliminate smoky exhaust, involve the possibilities of getting 



Fig. 12-10. Engine roughness at rated speed (Engine No. 11). Engine rough¬ 
ness at rated speed increases regardless of engine load as fuel viscosity is increased, 
possibly because of the slight increase in Btu’s as fuel viscosity is increased. 


the fuel injection system entirely out of proper adjustment. 
When thin fuel leaks into the cylinder, there is a tendency for 
the rings to gum up. The fuel may also mix with the lubricating 
oil, and again, it is this thin fuel oil of low viscosity that does 
not provide adequate lubrication of the fuel injection pump 
and nozzle parts; this permits friction, which increases the rate 
of wear, all of which, in turn, promotes a faster rate of wear. 

On the other hand, when fuels are too thick—of high viscosity 
—^there will be considerable difficulties in starting the engine 
in cold months. While it is usually possible to provide simple 
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means of heating the fuels in tanks at stationary installations, 
such provisions may not be feasible for automotive applications. 
However, means of heating and warming the fuels for auto¬ 
motive and tractor engines are being developed for use in 
extremely cold climates. 

Late burning. It will be remembered that the last stage 
of combustion is that which takes place instantly when the 
remainder of the charge is introduced into the engine. This is 
substantially what can be expected when the correct kind of 
fuel oil, having the proper viscosity, is used. When the fuel 
has an appreciable amount of heavy residue, however, there 
will be some late burning during the expansion stroke. The 
after-burning is not completed when the exhaust valve opens, 
and there will be a dirty exhaust. A substantial amount of 
half-burned, or partially burned fuel will be deposited in the 
combustion chamber, on the piston and cylinder walls, and 
eventually some of it reaches the rings, works into back of the 
grooves, thereby promoting ring sticking. This' partly burnt 
fuel, which lodges on the cylinder liner, tends to form corrosive 
acid, which attacks the metal of the liner; and if sulfur is present, 
wear is rapid. A large amount of cylinder wear in the high¬ 
speed Diesel engine cylinder can be traced to such poor or 
incomplete combustion and accelerated corrosion. As corrosion 
products are scraped away at each stroke of the piston, fresh 
deposits are made, which result in accelerated corrosion and 
wear. 

Heavy fuels. The fuel itself is not directly related to the 
cylinder wear, since the fuel can be considered to cause the wear 
only so far as it is related to poor or incomplete combustion. 
When fuels have high boiling points, the wear is greater because 
the heavy fractious are not completely burned, and therefore 
they strike the cylinder walls. When the fuel is cooled by 
contact with the walls of the liner, the burning is brought to an 
end altogether. When fuels are not completely burned by the 
time the droplets penetrate the combustion space, and strike 
the comparatively cold cylinder walls, it is because the fuel’s 
viscosity is too high and causes a penetration too great for the 
size of the engine combustion chamber. The medium- and 
slow-speed engines can burn heavier fuels containing a larger 
quantity of heavy residual products without the same ill effects, 
because there is more time in which to burn the fuel. How¬ 
ever, residual fuels should not be used in the medium- and 



3S8 


FUEL OIL AND COMBUSTION PROBLEMS 


[Ch. IS 


high-speed engines at the present time, because there is an 
ample supply of desirable fuels meeting the specifications now 
on the market. It sometimes happens that high viscosities 
result from blending heavy residual fuels with gas oils. The 
more the residual fuels mixed with the blend, the further is 
the boiling range extended. Large stationary plants may be 
designed and engineered to burn heavy crudes and residual 
fuels, but special equipment is always provided for this purpose. 

Methods of burning heavy fuels. When high-sulfur fuels 
must be used, certain precautions are considered essential. 
When sulfur-bearing oils are used in the Diesel engine, the sulfur 
is converted to sulfuric acid or sulfur dioxide, and when oxidized, 
becomes sulfur trioxide. When the engine is operating at the 
average high temperature, the average sulfur content does not 
damage the engine. Such fuels having an average of 5 per cent 
sulfur have been burned in the 2-cycle engine. The sulfur 
dioxide remaining from each combustion is immediately replaced 
with a fresh air scavenging charge. However, when using this 
kind of fuel oil, the exhaust pipes were usually insulated and 
were made of cast iron instead of steel. The exhaust gases, 
upon cooling, condensed the water vapor present, formed 
sulfuric acid, and set up corrosive action in the pipes. Insulat¬ 
ing the exhaust pipes is a recognized practice when the use of 
a fuel of more than 2 per cent of sulfur is necessary. The 
purpose of the insulation is to hold the heat in the exhaust pipes 
in order to prevent condensation in the exhaust lines at tem¬ 
peratures that may occur during operation. Insulated exhaust 
pipes are also used when burning the heavier fuels. The engines 
are started and stopped on lighter fuels to burn out the sulfur 
before shutting down the engine. 

Centrifuging fuel oils. Centrifuging removes the water, 
mud, sand, tank scale, metallic particles, and other foreign 
matter usually found in the fuels. The centrifuge in largei’ 
plants has been the practice for some years. Centrifuging 
the fuel oil helps to reduce or eliminate various causes for stick¬ 
ing exhaust valves, deposits on the cyhnder walls and combustion 
chambers, also prevents this carbon from coming in contact 
with the lubricating oil. Centrifuging the lubricating oil 
removes practically all accumulations in the crankcase oil, 
reduces the chances for piston seizure, leaky valves, excessive 
wear on the liner as well as the pump and other parts. In 
addition, therefore, there will be less blow-by of the combustion 
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gases, fewer fuel nozzle troubles, and less valve sticking. The 
carbonization of the nozzles ends in carbon and deposits on 
the piston and the rings. 

In addition to the centrifuge and filtering methods, adequate 
screens and filter elements connected to the fuel supply system 
and settling tanks should be provided. The heating of the fuel 
before centrifuging is also an advantage, usually accomplished 
by the installation of hot water coils in the settling tanks, to 
which the cooling water from the engine is regularly circulated. 
When regularly heated and centrifuged before use in the engine, 
the fuels will be cleaned of nearly all the foreign matter. The 
water, sludge, and emulsions formed with water and the car¬ 
bonaceous residues of half-burned oil that clog the passages 
and cause shut down of the engine, will be satisfactorily elimi¬ 
nated by careful centrifuging. 

Whenever half-burned fuel oils and lubricating oil carbon, 
sludge, and asphaltic and carbon content from the sludge 
form and act as binders for the abrasive foreign matter, that is, 
hold it against the cylinder between the piston and the rings, 
there is serious grinding and lapping action that will produce a 
rapid wearing away of the liner and the rings. The only 
satisfactory solution to these problems is to keep this foreign 
matter out of the fuel by filtering and selection, as far as possible, 
of clean fuels, plus the use of the centrifuge whenever needed. 

When low-grade fuel oil must be used in the Diesel engine, it 
is desirable from an ecronomical standpoint that all the precau¬ 
tions just enumerated be observed. While better fuels cost 
more money, it is now the settled opinion that such fuels are 
more economical in the long run than the cheaper fuels with 
their attendant problems as outlined. It is true that restricted 
fuel specifications tend to make the price of Diesel fuels higher. 
Engines continue to be built to burn a wide variety of fuels 
when adjusted for them and when provisions are made for the 
use of heavier fuels. The problem of fuels is still a lively one 
for study and discussion. However, the best fuel is the cheapest 
fuel. 

Combustion problems in the engine cylinder. The appre¬ 
ciable friction between the piston and the cylinder, with the 
lubricating surfaces influenced adversely by the high tempera¬ 
tures and by-products of combustion, is responsible for the 
wear and for the deposits on the combustion chamber. The 
study of the combustion problems therefore relates to what goes 
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on inside the engine cylinder during the combustion period. 
These combustion problems have been simplified by study of 
the combustion process and the development of the combustion 
chamber as well as the fuel injection system. This was previ¬ 
ously discussed. The study of the combustion problem from 
the fuel standpoint has lead to certain important observations. 

1. Exhaust smoke. The usual evidence of poor combustion 
of the fuel is smoke at the exhaust. When this smoke is due 
to the exce.ss of lubricating oil getting into the combustion 
chamber and burning as fuel, the smoke is easily eliminated by 
eliminating the lubricating trouble. When the fuel oil is being 
only partly burned, the smoke will usually be black and produce 
a tar in the cylinder. Failure of fuel to ignite is shown by a 
blue smoke. Smoke at the exhaust also makes its appearance 
at light loads, or during temporary periods of overload. As a 
result of temperature drop at low loads, the fuel ignites so late 
that the burning is not completed by the time exhaust valves 
open and release the fuel only partly burned; this is what 
occurs upon starting the engine. 

2. Smoke limit. The maximum power rating of the Diesel 
engine is usually determined by the power developed at the 
so-called “smoke limit.” This is reached when the amount of 
fuel injected exceeds the limit of the air, or the required excess 
air. \^enever there is more fuel than can be properly burned 
by the air present, the “smoke limit” has been reached. This 
smoke is the index of unburned fuel. 

Sources of smoke at the exhaust. It is essential that the 
operator learn to determine the source of smoke at the exhaust. 
The first step is tvi determine if the smoke comes from one or 
more cylinders, or if all of them are making smoke. Cylinders 
that are smoking will be indicated by a higher temperature on 
the exhaust pyrometer, as late burning is caused by conditions 
that accompany high temperature. Opening the ports at the 
exhaust valves will also show whether the smoke is coming 
from that particular cylinder. Operators may test for smoke 
by shutting off one cylinder at a time, and noting whether the 
smoke disappears. This should never be done when the engine 
is running at full load. If one cylinder is cut out when the 
engine is running at full power, the governor immediately opens 
up to permit injection of additional fuel into the other cylinders, 
resulting in overloading them, which in turn, causes smoking 
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of the cylinders as a result of the overloading. When proper 
fuel is being used, the chances that only one or two cylinders 
are smoking, and not all of them, can be taken for granted. 
When one or more cylinders are found to be smoking, certain 
adjustments can be made as listed in the instruction book. 

Atomization and viscosity. When the viscosity is not correct 
for the engine in question, the smoke is due to the failure of the 
fuel to atomize properly, or it may be due to its penetration too 
far into the combustion chamber and striking the cylinder walls. 
On the other hand, when the fuel is too light, it does not pene¬ 
trate the air in the combustion chamber sufficiently to become 
properly mixed with it, which results in incomplete combustion. 
When the fuel oil is too heavy, the viscous particles penetrate 
too far, strike the cylinder walls, and do not i)reak up into fine 
enough droplets, thus fail to mix properly with the air. In any 
case where the fuel fails to mix properly wilh the air within 
the time available, and hence does not completely burn before 
the exhaust valve opens, there will be smoke at the exhaust. 

It has been previously pointed out that the high temperature 
and turbulence of the precombustion chamber engine makes fine 
atomization of the fuel less necessary than in the open combus¬ 
tion chamber. The multiorifice injection nozzles used with 
open combustion chambers better atomize the fuels than do 
the single-hole nozzles; however, due to the smaller holes, higher 
injection velocities and higher injection pressures, the multi¬ 
orifice injection nozzles tend to wear faster, and frequently 
stop up with the heavier fuels. When fuels are too light, an 
attempt is frequently made to employ higher injection pressures 
in order to in(n-ea.se the penetrating power of the droplets. 
This can be done witJi the single-hole orifice nozzles; but for 
the smaller holes, the droplets actually decrease in size and 
hence penetrating capacity diminishes as the injection pressure 
is increased. 

Another difficulty encountered when using fuels that are too 
thin is that dribbling at the nozzle occurs in certain types of 
injection systems. With the common-rail system, the constant 
high pressure maintained on the injection valve makes it neces¬ 
sary to use a more viscous fuel to avoid leakage and dribbling. 
Higher viscosities are usually specified for these engines. 

Injection difficulties. Whenever injection nozzles or valves 
stick, smoking is certain to occur. Sticking of the injection 
valve mav be due to the failure of the fuel to lubricate the valve. 
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The clearance between the valve and the guide is extremely close, 
and when these parts are not properly lubricated, they first 
overheat, expand, and then commence to stick and gall. The 
first sign of this sticking is the erratic injection that causes 
misfiring and smoke at the exhaust. Another diflBculty may 
be due to dirt in the fuel getting to the injection valves and 
causing sticking. Also, any corrosive substances in the fuel 
may corrode the fuel pump plunger or the injectors; this usually 
occurs when the combustion is generally poor in the first place. 
The smoke may be due to carbon deposits on the injector tips 
that affect the shape of the spray pattern and distort the spray 
formation. Sometimes, tins is mistaken for incorrect injection 
timing. Injection timing may be changed as a result of worn 
cams and cam toes, and cause incomplete combustion, resulting 
in partly burned fuel and smoke. 

Diesel knock and fuel problems. The operator's only 
method of reducing the combustion noise in the Diesel engine 
is by shortening the delay period by the means at his disposal. 
He can shorten the time elapsing between injection of the fuel 
and ignition by one or two methods: 

1 . A higher cetane than that being used can be secured, 
possibly at a higher cost. Before deciding to change the fuel 
grade, he should make sure that the change is needed, using a 
sample for a test run and observing the improvements if any. 

2. Another means of shortening the delay period is to increase 
the compression pressure, which gives a higher temperature for 
ignition of the fuel. Compression pressures should be checked 
by means of the pressure indicator. Low compression pressure 
may be causing the trouble. Low compression may be due to 
such factors as restrictions in the air intake system, or fouled-up 
air filters, worn rings or cylinders, defective valves, or insufl&- 
cient valve clearances. The operator should not be too ready 
to blame the fuel oil for all smoking he experiences with his 
engine. 

Summary of fuel and combustion problems. The experi¬ 
enced operator and maintenance man can easily recognize 
fuel combustion problems by the evidence apparent when these 
problems are developing. He takes immediate steps to remedy 
the trouble. However, it is not always an easy matter for even 
an experienced man to determine what the problem is, what the 
cause may be, or what factors contribute most to the conditions 
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observed. It is frequently essential that a number of factors 
be considered and checked before the proper remedy can be 
applied. There are five groups or problems, or classifications 
of causes and effects, to be studied and observed in diagnosing 
fuel oil problems and difficulties. The fuel-mixing problems 
were studied in Chapter 5. With this background for considera¬ 
tion of the various factors involved in the design and function 
of the injection and combustion system, other evidence of the 
failure of the fuel oil or the injection system may be considered. 
Fuel and combustion troubles may be summed up as follows: 

1. Poor combustion. As has already been shown, there are 
numerous reasons for poor combustion. The chief reasons, 
important in the order named are: 

a. The load on the engine may not be balanced over all 
cylinders, with some of the cylinders pulling more load 
than others. The exhaust temperature pyrometer 
and the indicator are used to determine which cylinders 
are overloaded and which are not carrying their proper 
share of the load. 

b. Improper injection, due to the injection valve sticking, 
whi(?h in turn, may be caused by the fuel being too 
low in viscosity. Sediment and water in the fuel also 
contribute to valve sticking. 

c. Injection valve leaking—as a result of too low viscosity, 
or of pressure waves in the fuel lines. 

d. Carbon in the injector, caused by the use of improper 
fuel, or overloaded injectors. Regrinding the fuel 
valve may be necessary. 

e. Air in the fuel lines. This air must be bled out care¬ 
fully as detailed in the instruction book. 

f. Improper size nozzles, orifices too small, fuel spray 
striking the cylinder walls, and cold surfaces of the 
combustion chamber. 

g. Low injection pressure, on account of weak injector 
valve spring. Replace the spring. 

h. Incorrect injection timing—or injection not adjusted 
for the particular load condition, or not adjusted for 

• the particular fuel used. 

i. Insufficient air—due to restricted air intake, or incor¬ 
rect valve timing, incorrect valve lift, or leaking 
piston rings. 
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j. Improper fuel—cetane number too low, improper 
viscosity, or high nonvolatile residue mixed with the 
fuel blend. 

k. Low compression pressure and temperature—caused 
by excessive blow«by, due to worn rings, worn pistons 
and cylinders, or stuck rings, too light lubricating 
oil, and the like. 

l. Compression ratio too low, valves leak, light load 
conditions, jacket water temperature too low—per¬ 
mitting engine to operate too cold, speed too low, or 
cold intake air. 

2. Smoke at the exhaust. Smoke at the exhaust will result 
whenever there are the following: 

a. Poor combustion, as outlined above. 

b. Excessive lubricating oil consumption. 

c. Misfiring, or intermittent ignition. 

d. Overloading of the engine, unbalanced cylinders. 

e. Uneven distribution of the load on the cylinders; 
regardless of the cause, this results in smoke at the 
exhaust. 

S. Noisy operation. Diesel engines are inherently noisy, 
but unusual noise and knocking are usually due to: 

a. Low cetane fuel. Use higher cetane fuels. 

b. Low compression temperature, due to low pressure. 

c. Injection timing too early. 

4 . Lack of power. Whenever the capacity of the engine to 
pull the load falls off, and the speed drops, there are certain to 
be some evidences of various combustion troubles, and usually 
fuel oil problems must be considered. Among these are: 

a. Poor combustion as previously outlined. 

b. Lack of sufficient air, restriction in the air intake. 

c. Low lieat content of the fuel used. 

d. Restriction in the exhaust, such as carbon formation 
in the exhaust ports, or incorrect exhaust valve timing, 
or stuck or broken valves. 

e. Exhaust valve leaking, resulting in low compression 
pressure. 

f. Improper lubrication, resulting in tight bearings; 
tight pistons and piston rings may also result in reduc¬ 
ing the capacity and power output of the engine. 
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5. Combustion chamber and cylinder deposits. One of the 
surest results of improper combustion and fuel problems arc 
deposits in the combustion chambers. Such deposits are always 
a sign of fuel trouble, especially when the carbon is the hard, flinty 
type, found on the valves, piston head, and in tlie combustion 
chamber. These are due to the following as previously discussed: 

a. Dirt from the intake air—dust that should be removed 
by the air filter. The air filter should be kept clean 
and should be serviced regularly. 

b. Sediment from the fuel oil, and rust, which should 
have been kept out of the fuel, either by careful han¬ 
dling and straining, or for large plants, by continuous 
filtering or centrifuging. 

c. Carbon formation—fuel carbon is different from carbon 
resulting from burning and baking of lubricating oil. 
Fuel carbon is formed by (1) use of fuel of high carbon 
residue, (2) poor combustion for any reason, (3) 
continuous overloading of the engine, and (4) misfiring, 
or uneven load and overload on some cylindei’s. 

d. Dribbling of fuel nozzles—this is a prolific source of 
carbon on top of the piston, on the valve stems and 
other parts of the combustion spaces. 

e. Failure of the fuel to atomize—or its penetration too 
far into the (combustion sparse and striking the com¬ 
paratively cool cylinder and combustion cliamber walls, 
where it is only partly burned, after which the hot 
incandescent engine parts burn it into liard, flinty 
carbon found on the head and on the combustion 
chamber spaces. 
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QUESTIONS 

1 . How fine must the fuel be divided to obtain good combustion? 

2. How is poor combustion indicated? 

3. What is the effect of injection pressure on droplet size? 
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4. What is the effect of the size of the nozzle orifice on droplet 

size? 

5. What other factors affect the droplet size? 

6. What may cause leakage between the pump and the plunger? 

7. What causes leaky nozzles, or dribbling of injection valves? 

8. Is the rate of leakage increased with increase of injection pres¬ 
sure? 

9. How can the rate of leakage be decreased? 

10. How is the ignition quality, or the self-ignition temperature, of 
the fuel determined or measured? 

11. What important factors are related to the viscosity? 

12. What is cetane number, and what does it indicate about the 
fuel? 

13. What is the importance of gravity? 

14. What does foreign matter do to the fuel injection system? 

15. What attention is given to and what importance is placed on 
fuel oil specifications by nearly all Diesel engine builders? 

16. What is the effect of the boiling range of fuel oil on smoking? 

17. What is carbon residue, and how is this determined by test? 

18. What does thin, leaking fuel do to the piston rings? 

19. What causes after-burning, and what is its effect on valves? 

20. How are the fuel oil problems related to cylinder wear? 

21. Why are residual fuels undesirable, and what effect does the use 
of these fuels have on burning when they are mixed with the fuel blend? 

22. What provisions should be made for burning heavy fuels? 

23. What precautions are necessary when using high-sulfur fuels? 

24. Under what conditions of operation is the use of sulfur fuels 
safe? 

25. Why are exhaust pipes made of iron instead of steel, and what 
is the reason for insulating the pipe when using sulfur on heavy fuels? 

26. What are the advantages of centrifuging fuel oils? 

27. What foreign matter is removed by the centrifuge? 

28. What other facilities are employed to keep fuels clean? 

29. When carbon, containing grit and dirt, forms between the pis¬ 
ton and cylinder, what happens to the cylinder? 
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30. Is it desirable to use low-grade fuels in medium-speed engines? 

31. What is known as the ‘‘smoke limit'^? 

32. What is the relation between smoke “limitand “excess air^'? 

33. What is the composition of the smoke? 

34. How can the course of smoke at the exhaust be detected? 

35. How is smoke related to viscosity? 

36. What smoking condition is observed when the oil is too thick, 
and why and how does a thick fuel cause smoke? 

37. Name some of the fuel injection difficulties. 

38. What is corrosion and what part does it play in bringing about 
fuel troubles? 

39. What are the causes of Diesel knock, and what remedies are 
available to the operator to reduce it? 

40. What evidence of fuel troubles does the operator look for? 

41. Name the five general classes of fuel oil troubles or problems. 

42. Name the usual methods available to the operator for shorten¬ 
ing the fuel-delay period. 

43. What are the usual causes of delayed ignition in the engine 
after it has previously been operating satisfactorily? 

44. What do combustion chamber deposits indicate? 

45. Name the chief causes for the loss of power, or falling off in the 
ability of the engine to pull its rated load. 

DIESEL FUEL PROBLEMS 

1. In studying the following table of fuel characteristics, ignore 
the slight and doubtful effects and mark pronounced effects only. 
Check (\/) those “righC^ and encircle (O) those “ wrong.^’ (Approxi¬ 
mate value for high-speed engines.) 


Gravity, deg. API. 

16 

32 

48 

Viscosity, Say bolt sec. 

20 

40 

80 

Flash (° F).. 

70 

140 

180 

Pour point (® F). 

0 

70 

100 

End point (** F). 

300 

575 

700 

Conradson carbon % of 10% bottom. 

0.01 

0.1 

1.0 

Ash. 

0.001 

0.01 

0.1 

Water and sediment. 

0.05 

0.5 

1.5 

Sulphur. 

0.01 

0.1 

1.0 

Cetane number. 

45 

60 

75 

Heat value, Btu. 

17,000 

19,000 

31,000 
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2. Underscore the correct items in the following: Injection pumps 
are sensitive to: Gravity, Viscosity, Flash, Pour point, Volatility, 
Conradson carbon. Ash, Water and Sediment, Sulfur, CJetane number. 
Heat Value. 

3. Check the following statement with '^yes'^ or ^^no” check 
marks. 

High cetane fuel is desirable, because the engine runs 

(a) Smoother. 

(b) Starts easier. 

(c) Smokes less. 

(d) Uses less fuel per bhp-hr. 

4. Check the following statement for true or false: 

A heavy engine knock, due to low cetane fuel, might be 
alleviated by (1) retarding the injection; (2) advancing the injection. 

(5) High Conradson carbon causes carbon deposits in the engine. 
Right or wrong? 

(6) Low flash point helps in starting. Right or wrong? 

(7) Engines may use fuels containing 1, 2 or 5 per cent sulfur with¬ 
out damage. True or false? 



APPENDIX I 


METALLURGICAL GLOSSARY 


Age-hardening (precipitation hardening). A process for the heat- 
treatment of certain nonferrons alloys to increase strength and 
hardness. 

Annealing. Heating and cooling primarily (a) to induce softness, 
(h) to reli('.ve internal stresses, (c) to obtain the optimum com¬ 
bination of strength and ductility, or (d) to reduce oxide. See 
‘'Stress-equalizing Annealing’^ and "Stress-relief Annealing. 

Brinell hardness number (Bhn). A numb(U’, expimsed in kilograms 
per sipiare millimeter, calculated from the area of the impres¬ 
sion surfac^e in a specimen caused by the penetration of a 10- 
millimeter diamete^r standard hard steel ball under a load of 
3000 kg acting for 5 to 30 sec, or of 500 kg acting for 30 to OO sec. 
The heavier load is used for harder materials. For very hard 
materials a carbide ball is subvstituted for the steel ball. 

Btu. British thermal unit. The quantity of heat necessary to 
raise the temperature of one pound of water by F. 

Charpy impact (see impact strength). The energy, in foot-pounds, 
absorbed in fracturing a notched specimtm that has been prepared 
according to definite standard dimensions and is supported in a 
standard manner at both ends. Sevei-al forms of notch and sizes 
of specimen are used, and both notch and size must be specified 
in a given case, since variations in either will lesult in different 
unit values for the same material. 

Coefficient. A number expressing the ratio of change under certain 
specified conditions such as temperature, length, volume, and 
so on. (See "Coefficients of Thermal Expansion.”) 

Coefficient of electrical resistivity. The frac^tional change in electrical 
resistivity per degree of temperatuni change, expressed in ohms 
per circular mil foot or inichrom centimeters. It is frequently 
the average change in resistivity over the range 20® to 100® C 
(68® to 212® F) divided by the resistivity at 20® C and by 80 
(the temperature differential). 
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Coefficient of thermal expansion. The fractional change in length 
of a material per degree of temperature change as compared with 
the length at the reference temperature, usually 0° C (32® F). 
It is expressed as inch per inch per deg C or F. 

Compressive jdeld strengffi. The stress in compression (pushed 
together) at whi(^h a material exhibits a specified limiting set, 
commonly taken by the offset method as 0.20 per cent of the 
specimen's original length. Expressed as psi. 

Corrosion fatigue. The endurance limit of a material when in con¬ 
tact with a specified corrosive medium. See Endurance 
Limit." 

Creep strength. The rate of continuous deformation under stress 
at a specified temperature. Generally expressed as psi to produce 
0.1 per cent elongation in 10,000 hr at temperature indicated. 

Density. The weight of a metal, usually expressed in pounds per 
cubic incli or grams per cubic centimeter. Do not confuse with 
Specific Gravity." 

Ductility. The property that permits defoimation under tension 
without rupture. Values for ‘‘Elongation" and “Reduction of 
Area" generally arc taken as the measure of ductility. 

Elastic limit. The maximum stress, in pounds per square inch, 
at which a material exhibits a slight deviation from the straight 
line (proportional limit) but will return to the original length 
upon release of load. 

Electrical resistivity. '^Fhe resistance of a material to passage through 
it of an electric current. Expressed as ohms (units of resistance) 
per mil ft or as microhms (millionth of an ohm) per centimeter 
cube at a specified temperature. 

Elongation. The amount of permanent stretch, after* fracture in 
tension, expressed as percentage of the specimen's original length. 

Endurance limit. A measure of the limit of safe loading for materials 
to be used under repeated, cyclic- changes of stress. Expressed 
as psi. Properly, it is the maximum stress to which a metal 
can be subjected for indefinitely long periods without damage. 
In practice values are taken at a specified number of cyclic 
changes of stress (see “Fatigue Strength"). 

Fatigue strength. Usually synonymous with “Endurance Limit" 
but properly the stress to which a metal can be subjected for a 
specified number of cyclic changes of stress. Expressed as psi. 

Hardness. Resistance to indentation, penetration, scratching or 
bending. Expressed by means of “Brinell," “Rockwell," 
“Scleroscope," or “Vickers" hardness numbers, depending 
upon the testing machine used. 
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Heat transfer. The passage of heat from a hot to a cold body, 
by conduction through intervening layers of solid, liquid, or gas. 
Over-all rate of heat transfer through a given system of obstruc¬ 
tions is expressed in units of heat, per unit of area of obstructions 
exposed, per unit of time, per unit of difference in temperature 
between the hot and cold bodies (Btu per sq ft per hr per ® F). 
The amount of heat transferred is measured in units of heat per 
unit of time (Btu per hr). See '^Thermal Conductivity.^^ 

Heat-treating. An operation or combination of operations involving 
the heating and cooling of a metal to obtain certain desirable 
conditions or properties, and not for the sole purpose of mechanical 
working. 

Impact strength. A measure of toughness. The stress to fracture 
a notched specimen with a single blow. Expressed in foot-pounds 
of energy absorbed. Designated as ^^Charpy’’ or “Izod’’ impact 
strength depending on the testing machine used. 

Ipy. Inches penetration per year. The average depth to which 
uniform corrosion would penetrate if a specimen were exposed to 
corrosion, on one side only, 24 hours per day for 365 days. Calcu¬ 
lated from weight loss. See ‘^Mdd.^^ 

Izod impact (see impact strength). The. energy in foot-pounds, 
absorbed in fracturing a notched specimen that has been pre¬ 
pared to definite standard dimensions and supported in a standard 
manner as a cantilever. Several forms of notc.h and sizes of 
specimen are used and both must be specified in a given case 
since they yield different values for the same material. 

Johnson’s limit. The stress, expressed in pounds per square inch, 
at which the rate of deformation is 50 per cent greater than it is 
over the linear portion of the stress-strain curve. 

Magnetic transformation point. The temperature at which a normally 
magnetic material becomes substantially nonmagnetic. Also 
called the Curie point. 

Mdd. Milligrams per square decimeter per 24-hr day. The term for 
expressing average loss in weight from corrosion. 

Modulus of elasticity. The ratio, within the elastic limit, of stress 
to the corresponding strain. Expressed in psi for four types 
of stress: tension, torsion, compression, shear. 


Poisson’s ratio. The ratio of the transverse strain to the longitudinal 
strain within the elastic limit determined by direct measurement. 
An approximate relationship is: 


Poisson's Ratio 


Tensile Modulus 
2 X Torsional Modulus -- 1 
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Proof stress. The stress that may be applied without leaving perma¬ 
nent elongation of more than 0.001 inch per inch of the original 
length of the specimen after removal of that stress. Expressed in 
psi. 

Proportional limit. The maximum, in psi, at which strain or deforma¬ 
tion is directly proportional to stress. 

Psi. Pounds per square inch. 

Reduction of area. The difference between the original cross-sectional 
area of a specimen and the least cross-sectional area after rupture 
in tensile tests. Expressed in percentage of the original cross- 
sectional area. 

Scleroscope hardness number. A number determined by the height 
of rebound of a diamond-tipped hammer dropped from a fixed 
height. 

Shear strength. The stress required to produce fracture when 
impressed vertically upon the cross section of a material. 
Expressed in psi. 

Specific gravity, l^he ratio of the weight of a solid or liquid to the 
weight of an equal volume of water. 

Specific heat. The amount of heat necessary to raise the temperature 
of a substance by F. Expressed as Btu per pound per ° F. 

Stress-equalizing annealing. Heating and cooling to homogenize 
stresses so as to afford the best povssible combination of ductility 
and strength. 

Stress-relief annealing. Heating and cooling to effect partial soften¬ 
ing. Also called ^Temper annealing. 

Tensile strength. The stress required to rupture in tension (pull). 
Expressed in psi. Also called ‘‘breaking strength,'^ “ultimate 
strength,’’ and “ultimate tensile strength.” 

Tension impact. The energy, in foot-pounds, absorbed in rupturing 
a specially prepared specimen by allowing a moving weight to 
strike the specimen in such a manner that the specimen is parted 
suddenly in tension. 

Thermal conductivity. The measure of the heat a substance will 
conduct through itself.- Expressed in Btu, per hour, per sq ft 
of exposed surface, per ° F difference between the adjacent 
hot and cold bodies, per inch thickness (or the metric equivalents). 
Do not confuse with “heat transfer.” 

Thermal expansion. The increase in length caused by heating. 
Expressed in inches of increase, per inch of original length, per 
degrees of temperature. 

Torsional properties. Figures expressing values of a material when 
stressed by twisting. 
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Torsion impact. The energy, in foot-pounds, absorbed in rupturing 
a specially prepared specimen by allowing a moving weight to 
strike the specimen in such a manner that the specimen is rup¬ 
tured suddenly by torsion. 

Toug^ess. Resistance to impact. A combination of strength 
and ductility. 

Yield point. The stress necessary to produce an elongation under 
load of 0.50 per cent of the specimen’s original lengt.h. Expressed 
as psi. Do not confuse with “yield strength.” 

Yield strength. The stress at which a material exhibits a specified 
limiting set, commonly taken by the offset method as 0.20 per 
cent of the specimen’s original length. Expressed as psi. 
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Flow of Lubricating Oils through Standard Iron Pipes. 
Required Pressure per 100 Ft. of Pipe at Given Discharge 


20** 

Banm6 

Gravity 

M in. 

% 

in. 

1 

in. 

1K in. 

IH in. 

Cap. 

Gal 

Min 

Pres. 

psi 

(\up. 

Gal 

Min 

Pres. 

psi 

Cap. 

Gal 

Min 

Pres. 

psi 

Cap. 

Gal 

Min 

Pres. 

psi 

Cap. 

Gal 

Min 

Pres. 

psi 

Seconds 

Saybolt 

200 

2 

12 

4 

8 

5 

4 

5 

1 

10 

1 


4 

25 

8 

17 

HI 

8 

10 

3 

20 

3 


6 

39 

12 

32 

15 

14 

20 

6 

30 

6 


8 

53 

16 

52 


23 

30 

13 

40 

10 


m 

84 

HI 

76 

25 

34 

40 

21 

50 

15 


2 

18 

4 

12 

5 

6 

5 

2 

10 

2 


4 

38 

8 

26 

10 

12 

10 

4 

20 

5 


6 

59 

12 

40 

15 

19 

20 

9 

30 

7 


8 

81 

16 

63 

20 

28 

HI 

16 

40 

12 


ITil 


20 

92 

25 

40 

40 

26 

50 

18 

400 

2 

24 

4 

17 

5 

8 

5 

3 

10 

3 


4 


8 

35 

10 

17 

10 

6 

20 

6 


6 

78 

12 

54 

15 

26 

20 

12 

30 

■Th 


8 

mEm 

16 

75 

20 

35 

30 

19 

40 

15 


■a 

135 

20 


25 

46 

iHI 

29 

50 

21 


2 

30 

4 

' 21 

5 


5 

3 

10 

4 


4 

63 

8 

43 

10 

21 


7 

20 

8 


(> 

98 

12 

67 

15 

32 


15 

30 

12 


8 

135 

16 

91 

20 

43 

30 

22 

40 

17 


10 

169 

20 

113 

25 

52 

HI 

32 

50 

24 


2 

36 

4 

25 

5 

12 

5 

4 

10 

5 


4 

76 

8 

52 

10 

25 


8 

20 

■iH 


6 

118 

12 

81 

15 

39 


18 

iHI 

15 


8 

162 

16 

no 

20 

52 


27 

40 

20 




20 

j 

140 

25 

67 


35 

50 

25 
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Heat of Combustion of Crude Oils, Fuel Oils, and Kerosene 
(N'attonal Bureau of Standards) * 



Total Heat of Combustion 

Gravity 



Degrees API 

Btu/Lb 

Btu/Gal 

10 

18,540 

154,600 

11 

18,590 

! 153,900 

12 

18,640 1 

1 153,300 

13 

18,690 

152,600 

14 

18,740 

152,000 

15 

18,790 

151,300 

16 

18,840 

150,700 

17 

18,890 

1 150,000 

18 

18,930 i 

149,400 

19 

18,980 

148,800 

20 

19,020 

148,100 

21 

19,060 

147,500 

22 

19,110 

146,800 

23 

19,150 

146,200 

24 

19,190 

145,600 

25 

19,230 

145,000 

26 

19,270 

144,300 

27 

19,310 

143,700 

28 

19,350 

143,100 

29 

19,380 j 

1 142,500 

30 

19,420 1 

1 141,800 

31 

19,450 

141,200 

32 

19,490 

140,600 

33 1 

i 19,520 

1 140,000 

34 1 

1 19,560 

139,400 

35 I 

19,590 

138,800 

36 I 

19,620 

138,200 

37 I 

19,650 

137,600 

38 

19,680 

137,000 

39 

19,720 

136,400 

40 

19,750 

135,800 

41 

19,780 

135,200 

42 

19,810 

134,700 

43 

19,830 

134,100 

44 

19,860 

133,500 

45 

19,890 

132,900 

46 

19,920 

132,400 

47 

19,940 

131,900 

48 

19,970 

131,200 

49 

j 

20,000 

130,700 

♦From Miscellaneous i^ubhcation M97 “Thermal Properties of Petroleum Products" Pub- 

hshed by permission of the Director, National Bureau of Standard! 

) 
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Conversion Tables of Equivalents for Liquids at 60°F (15.56° (J.) 


Degrees 

API 

Specific 

Gravity 

Number Pounds 

1 per U. S. Gallon 

U. S. Gallons 
per Pound 

0 

1.0760 

8.962 

.1116 

1 

1.0679 

8.895 

.1124 

2 

1.0599 

8.828 

.1133 

3 

1.0520 

8.762 

.1141 

4 

1.0443 

8.698 

.1150 

5 

1.0366 

8.634 

.1158 

6 

1.0291 

8.571 

.1167 

7 

1.0217 

8.509 

.1175 

8 

1.0143 

8.448 

.1184 

9 

1.0071 

8.388 

.1192 

10 

1.0000 

8.328 

. 1201 

11 

.9930 

1 8.270 

.1209 

12 

.9861 


.1218 

13 

.9792 


.1226 

14 

.9725 


.1235 

15 

.9659 


.1243 

16 

9593 


.1252 

17 

9529 


.1260 

18 

9465 


.1269 

19 

.9402 


.1277 

20 

.9340 


.1286 

21 

9279 


.1294 

22 

9218 


.1303 

23 

,9159 


.1311 

24 

.9100 

7.578 

.1320 

25 

9042 

7.529 

.1328 

26 

.8984 

7.481 

.1337 

27 

.8927 

7.434 

.1345 

28 

.8871 

7.387 

.1354 

29 

.8816 

7.341 

.3162 

30 

.8762 

7.296 

1371 

31 

8708 

7.251 

1379 

32 

.8654 

7.206 

.1388 

33 

.8602 

7.163 

.1396 

34 1 

.8550 1 

7.119 

.1405 

35 

,8498 

7.076 

.1413 

36 

.8448 

7.034 

.1422 

37 

.8398 

6.993 

.1430 

38 

.8348 

6.951 

.1439 

39 

.8299 

6.910 

.1447 
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Conversion Table 

Degrees Centigrade to Degrees Fahrenheit 


c 

F 

C 

F 

c 

1 

1 

F 

C 

F 

C 

F 

-40 

-40.0 

+ 5 

+41.0 

+40 

+104.0 

+175 

+347 

+350 

+662 

-38 

-36.4 

6 

42.8 

41 

105.8 

180 

356 

355 

671 

-36 

-32.8 

7 

44.6 

42 

107.6 

185 

365 

360 

680 

-34 

-29.2 

8 

46.4 

43 

109.4 

190 

374 

365 

689 

-32 

-25.6 

9 

48.2 

44 

111.2 

195 

383 

370 

698 

-30 

-22.0 

10 

50.0 

45 

113.0 

200 

392 

375 

707 

-28 

-18.4 

11 

51.8 

46 

114.8 

205 

401 

380 

716 

-26 

-14.8 

12 

53.6 

47 

116.6 

210 

410 

385 

725 

-24 

-11.2 

13 

55.4 

48 

118.4 

215 

419 

390 

734 

-22 

- 7.6 

14 

57.2 

49 

120.2 

220 

428 

395 

743 

-20 

- 4.0 

15 

59.0 

50 

122.0 

225 

437 

400 

752 

-19 

- 2.2 

16 

60.8 

55 

131.0 

230 

446 

405 

761 

-18 

- 0.4 

17 

62.6 

60 

140.0 

235 

455 

410 

! 770 

-17 

+ 1.4 

18 

64.4 

65 

149.0 

240 

464 

415 

779 

-16 

3.2 

19 

66.2 

70 

158.0 

245 

473 

420 

788 

-15 

5.0 

20 

68.0 

75 

167.0 

250 

482 

425 

797 

-14 

6.8 

21 

69.8 

80 

176.0 

255 

491 

430 

806 

-13 

8.6 

22 

71.6 

85 

185.0 

260 

500 

435 

815 

-12 

10.4 

23 

73.4 

90 

194.0 

265 

509 

440 

824 

-11 

12.2 

24 

75.2 

95 

203.0 

270 

518 

445 

833 

-10 

14.0 

25 

77.0 

100 

212.0 

275 

527 

450 

‘ 842 ' 

- 9 

15.8 

26 

78.8 

105 

221.0 

280 

536 

455 

851 

- 8 

17.6 

27 

80.6 

110 

230.0 

285 

545 

460 

860 

- 7 

19.4 

28 

82.4 

115 

239.0 

290 

554 

465 

869 

- 6 

21.2 

29 

84.2 

120 

248.0 

295 

563 

470 

878 

- 5 

23.0 

30 

86.0 

125 

257.0 

300 

572 

475 

887 

„ 4 

24.8 

31 

87.8 

130 

266.0 

305 

581 

480 

896 

- 3 

26.6 

32 

89.6 

135 

275.0 

310 

590 

485 

905 

- 2 

28.4 

33 

91.4 

140 

284.0 

315 

599 

490 

914 

- 1 

30.2 

34 

93.2 

145 1 

293.0 

320 

608 

495 

923 

0 

32.0 

' 35 

95.0 

150 

302.0 

325 

617 

500 

932 

+ 1 

33.8 

36 

96.8 

155 I 

311.0 

330 

626 

550 

1022 

+ 2 

35.6 

37 

98.6 

160 1 

320.0 

335 

635 

600 

1112 

+ 3 

37.4 

38 

100.4 

165 1 

329.0 

340 

644 

650 

1202 

+ 4 

39.2 

39 

102.2 

170 

338.0 

345 

653 

700 

1292 
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Wkiohts and Msasubes 

5280 

feet 

— 1 mile 

16H 

feet 

» 1 rod 

2 

yards 

* 1 fathom 

1,152 

miles 

* 1 knot 

1000 

millimeters 

» 1 meter 

100 

centimeters 

» 1 meter 

1000 

meters 

» 1 kilometer 

0.3937 

inch 

sa 1 centimeter 

39.37 

inches 

« 1 meter 

25.4 

millimeters 

« 1 inch 

.6214 

miles 

* 1 kilometer 

144 

sq in. 

« 1 sq ft 

4840 

sq yd 

* 1 acre 

231 

cu in. 

= 1 U. S. gallon 

32 

ounces (volume) 

* 1 U. S. quart 

42 

U. S. gallons 

= 1 bbl 

1.201 

U. S. gallons 

=* 1 Imperial gallon 

1000 

cubic centimeters 

— 1 liter 

3785 

cubic centimeters 

* 1 U. S. gallon 

61.023 

cubic inches 

=* 1 liter 

1.0567 

XJ. S. quarts 

— 1 liter 

16 

ounces (weight) 

= 1 pound 

2000 

pounds 

=* 1 ton—^net 

2240 

pounds 

« 1 ton—gross 

2204.6 

pounds 

=* 1 metric ton 

1000 

milligrams 

== 1 gram 

1000 

grams 

== 1 kilogram 

453.6 

grams 

= 1 pound 

8.328 

pounds water # 60° F 

— 1 U. S. gallon 

10.02 

pounds water @ 60° F 

= 1 Imperial gallon 

62.43 

pounds water @ 60° F 

= 1 cu ft 

.433 

lbs per sq in. 

= 1 foot wat(»T 

,491 

lbs per sq in. 

= 1 inch mercurj" 

13.61 

inches water 

= 1 inch mercury 

14.7 

lbs per sq in. 

= 1 atmosphere 

1.0333 

kgs per sq cm 

= 1 atmosphere 

.0703 

kgs per sq cm 

« 1 lb per sq in. 

.0764 

lbs air @ 60° F 

=* 1 cu ft 

550 

ft lbs per sec 

*= 1 horsepower 

745.7 

watts 

= 1 horsepower 

1.34 

horsepower 

= 1 kilowatt 

778 

ft lbs 

= 1 Btu 

2546.5 

Btu 

*= 1 hp hour 

1.8 

Btu per lb 

=» 1 calorie per kg 
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Diesel Index = 


FORMULAS 

Aniline Point ® F X Api Gravity 

loo 


Cetane number (calculated) 

Aniline Pt. ® F X Api Grav. X 50% Dist. Pt. ® F X 1.4 
10(M)06 
141 5 

Api Gravity — 131.5 

Btu per pound = 17680 + (60 X Api Gravity) 
Centigrade: ® C = (** F - 32) X 
Fahrenheit:« F = ® X H + 32 


+ 11 


P-V-T Relationship: 



/>, = P^Rn 


2\ = Absolute temperature ® F at beginning of compression 
T 2 = end of compression 

Pi = [iressure Ib/sq in. at beginning of compression 

Pj = “ it it fyf compression 

R = Compression ratio 
n = 1.3 for Diesel compression 
W — Weight air in pounds 
P = Pressui*e in Ib/sq in. 

V = Volume in cu ft 
T = Abs. Temp., ° F 


Brake Horsepower: 


BHP 


PLAN 

33000 


BHP — Brake horsepower 

P = Mean effective pressure, Ib/sq in. 

L = Stroke feet 

.1 = Effective area of piston—sq in. 

N = Number single effective strokes per minute 
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Chart for Approximating Cetane* Number from Viscosity and Gravity 

OF Fuel 

(Moore and Kaye)_ 


Viscosity 

(Saybolt 


API Gravity 


Seconds 
at 100*’ F 

18 

20 

22 

24 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

34 

21 

25 

29 

33 

37 

39 

40 

42 

44 

46 

47 

49 

51 

52 

54 

55 

57 

35 

22 

26 

30 

34 

38 

40 

42 

44 

46 

48 

49 

51 

53 

54 

56 

57 

59 

36 

23 

27 

31 

35 

39 

41 

43 

45 

47 

49 

51 

52 

54 

56 

58 

59 

61 

37 

24 

28 

32 

36 

40 

42 

44 

46 

48 

50 

52 

53 

55 

57 

59 

60 

62 

38 

24 

29 

33 

37 

41 

43 

45 

47 

49 

51 

53 

54 

56 

58 

60 

61 

63 

39 

25 

29 

33 

37 

41 

43 

45 

47 

49 

51 

53 

55 

57 

59 

61 

62 

64 

40 

25 

30 

34 

38 

42 

44 

46 

48 

50 

52 

54 

56 

58 

60 

62 

63 

65 

42 

26 

30 

35 

39 

43 

45 

47 

49 

51 

53 

55 

57 

59 

61 

63 

64 

66 

44 

26 

31 

35 

40 

44 

46 

48 

50 

52 

54 

56 

58 

60 

62 

64 

65 

67 

46 

27 

32 

’36 

41 

45 

47 

49 

51 

53 

55 

"57 

59 

61 

63 

65 

66 

68 

48 

27 

32 

36 

41 

45 

47 

49 

51 

53 

55 

57 

59 

61 

()3 

65 

67 

68 

50 

28 

33 

37 

42 

46| 

48 

50 

52 

54 

50 

58 

60 

62 

64 

()6 

68 

69 

60 

29 

34 

39 

43 

47 

50 

52 

54 

56 

58 

60 

62 

64 

66 

68 

'69 

70 

80 

31 

35 

40 

45 

50 

52 

54 

56 

58 

60 

63 

65 

67 

69 

71 

72 


100 

32 

37 

42 

47 

52 

54 

56 

58 

60 

62 

65 

67 

69 

71 




150 

34 

39 

44 

49 

54 

56 

58 

60 

63 

65 

"67 

69 

72 





200 

35 

40 

45 

50 

55 

58 

60 

62 

65 

67 

69 

71 






300 

36 

41 

47 

52 

57 

60 

62 

65 

67 

69 

72 







400 

37 

42 

48 

53 

59 

61 

64 

66 

68 

71 








500 

38 

43 

49 

55 

60 

63 

65 

67 

70 







”i 



* Cetane numbers only slij£htly lower. 
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TABLES AND FORMULAS 


Bearing Metals Listed According to Hardness 


Bearing Material 

Hardness 

Brinell 

Approximate Composition, % 

Corro¬ 

sion* 

Re¬ 

sist¬ 

ance 

Soft Bearings: 

70° 

300° 

Tin 

Lead 

Cop¬ 

per 

Anti¬ 

mony 

Other 

Pure lead. 

4 

3 


100 




C 

Lead-indium coatings. . 

4 

3 


96 



4 In 

C 

Lead-tin coatings. 

7 

4 

4 

96 




B 

Moraine coating. 

17 

5 

4 

92 


4 


B 

Lead-base babbitt. 

19 

6 

5 

80 


15 


B 

licad-base babbitt. ... 

20 

6 

6 

84 


10 


B 

Ijead-basft babbitt. 

22 

7 

10 

75 


15 


B 

Tin-basft babbitt. 

23 

7 

89 


3.5 

7.5 


A 

Copper-hardened lead., 

22 

9 

5 

88 

1 

5 

1 As 

B 

Silver-hardened lead.. . 

23 

9 

2 

77.8 

0.2 

15 

5 Ag 

B 

Arsenic-hardened lead.. 

21 

10 

1 

82.5 

0.5 

15 

1 As 

B 

Calcium-hardened lead 

22 

11 

1 

98 



0.5 Ca 

C 








0.5 Ot.her 


Cadmium-nickel. 

33 

13 





98.7 Cd, 

C 








1.3 Ni 


Cadmium-silver. 

38 

13 



0.5 


97.5 Cd, 

C 








2 Ag 


Hard Bearings: 









Copper-lead . 

24 

20 


30 

70 



C 

Copper-lead 

28 

25 


25 

75 



c 

Silver. 

25 

25 


3 



97 Ag 

A 

Copper-lead. 

42 

38 

3 

25 

72 



C 

Ijead-bronze 

62 

56 

10 

15 

75 



A 

Lead bronze 

64 

57 

10 

10 

SO 



A 

Aluminum. 

72 

65 

7 




93 A1 

A 

Lead-bronze 

78 

73 

10 

5 

85 



A 











Ag—Silver, As—Arsenic, Cd—Cadmium, ('U—Copper, In—Indium, Ni—Nickel 
Pb—^Lead, Sb—Antimony, Sn—Tin. 


Note: This hardness ranking should not be considered a quality rating, since for 
some engines soft metals are best suited, whereas for others hard bearings 
are superior. Also, two different bearing metals may have the same hard¬ 
ness, but one may be vastly better in service. Skill in manufacturing 
and accuracy in machining are most important in determining the quality 
of a bearing. Hardness values are averages of various published data. 

* A—Noncorroeive. 

B—Noncorrosive except under extreme conditions. 

C—Requires use of noncorroeive oil. 











































APPENDIX III 


LUBRICATING OIL SPECIFICATIONS 


NAVY HEAVY-DUTY DIESEL LUBRICATING OIL 
SPECIFICATIONS 

U. S. Navy, Bureau of Ships, Ad Interim Specification 14-0-B (INT) 

Requirements of lubricating oils for Na\'y Diesel Engines (con¬ 
densed). Issued May 1, 1941 (reprinted from SAE Journal, page 
284, July, 1942). 


DETAIL REQUIREMENTS 
DIESEL ENGINE LUBRIC’ATING OILS 


Symbol. 

9170 

9250 

9370 

Viscosity (Saybolt Universal), see at 130° F. 

140-200 

220-280 

320-430 

Flash point (min.), ® F 

350 

370 

400 

Pour point (max.), ° F 

0 

10 

15 

('’arbon residue (max.) (ash free), % 

0 9 

1 1 

1 3 

Neutralization no. (max ) . . 

0 5 

0 5 

0 5 

i^eeipitation no. (max ) 

None 

None 

None 

Corrosion 

None 

None 

None 

Ash (max.), %. 

0 6 

0 6 

0 6 
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LUBRICATING OIL SPECIFICATIONS 


GENERAL REQUIREMENTS OF N.S. 9000 SERIES OILS AND 
CORRESPONDING TEIST PROCEDURES: 


Requirements 

(1) Shall provide satisfactory 
lubrication for all engine 
parts and generator bearings 
of naval Diesel engines. 

(2) Shall be noncorrosive to 
bearings and engine parts. 


(3) Shall not cause ring sticking 
or clogging of oil channels. 

(4) Shall maintain minimum pis¬ 
ton ring and cylinder liner 
wear. 

(5) Quality shall not be ad¬ 
versely affected by mechani¬ 
cal or fibrous type filters or 
by centrifugal purification. 

(6) Addition of new oil to used 
Diesel engine oil shall not 
cause sludging. 

(7) Shall not cause excessive 
carbon deposits on any part 
of engine. 

(8) Each grade shall be satis¬ 
factory in all typ(\s of Diesel 
engines ordinarily requiring 
that grade oil. 

(9) Mixtures of additive and 
straight mineral oils shall 
perform as well as the straight 
mineral oil alone. 


Test Procedure 
Tests in laboratory, submarine- 
type and other naval Diesel 
engines. Tests in Navy work 
factor machine. 

Tests in laboratory, submarine- 
type and other naval Diesel en¬ 
gines. Underwood oxidation and 
corrosion test. Tests in Navy 
work factor machine. 

Tests in laboratory, submarine- 
type and other naval Diesel 

engines. 

Tests in laboratory, submarine- 
type and other naval Diesel 

engines. 

Tests in laboratory, submarine- 
type and other naval Diesel 

engines and special filter tests. 
Centrifuge tests of new oil with 
and without fresh and sea water. 

Make blends of ecjual volume of 
new and used oils, shake for 
twenty minutes, centrifuge in 
tube for one hour. 

Tests in laboratory, submarine- 
type and other naval Diesel 
engines. 

Tests in laboratory, submarine- 
type and other naval Diesel 
engines. 

Three hundred-hour laboratory 
Diesel engine tests on equal 
volumes of contract 3065 and 
additive oil. 
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(10) Additive oil shall not be 
affected adversely by 2% by 
volume of sea or fresh water. 


(11) Additive agents shall re¬ 
main uniformly distributed 
throughout the oil at tem¬ 
peratures from 10° F above 
the pour point up to 250° F. 


(12) Diesel engine lubricating oil 
shall show superiority over 
straight N.S. mineral oils 
where run in laboratory Die¬ 
sel engines for at least 250 
hour test periods and when 
used in service. 

(13) Shall be compatible with all 
other Diesel engine lubricat¬ 
ing oils previously procured. 


Three hundred-hour laboratory 
Diesel engine test on oil plus 2% 
by volume of synthetic sea water 
(2% by volume added each 25 
hours). Measure equal volumes 
(50 ml) of new oil and synthetic 
sea water, and new oil and dis¬ 
tilled water in centrifuge tubes; 
shake for 20 minutes, centrifuge 
in tubes for 20 minutes. Deter¬ 
mine % of stable emulsion and 
loss of additive. 

Tentative homogeneity tests: 

(a) 50 ml sample dried at 212 to 
220° F for three hours; 
cooled to 10° F below pour 
point; observe at 55 to 
65° F. 

(b) Heat 150 ml sample at 
250° F for three hours; ob¬ 
serve for separation, thi(^k- 
ening or cloud formation. 

Tests in laboratory, submarine- 
type and other naval Diesel 
engines. 


Blend equal volumes of new oils 
(50 ml of each); shake for twenty 
minutes; centrifuge in tube for 
one hour. 


SPECIFICATIONS FOR 11 DIESEL ENGINES USED IN NAVY 
TESTS OF HEAVY-DUTY LUBRICATING OIL: 


Designation 

Cylinders < 

[ ’ v(rles 

! Rpin 

Blq) 

Atlas-Lanova. 

. 1 

4 

1800 

5 

General Motors, 1-71. 

. 1 

2 

1200 

15 

C'aterpillar, 1 Cyl. 

. 1 

4 

1000 

1ft. 8 

Winton X-1/20 lA. 

. 1 

2 

750 

82.4 

Caterpillar D3400. 

. 4 

4 

1200 

22.8 

Winton V-12/201A. 

. 12 

2 

750 

900 

Cummins, H. 

. 6 

4 

1600 

95 

General Motors, 6-71. 

. 6 

2 

1800 

150 

General Motors, 268A. 

. 8 

2 

1300 


General Motors 16-248A. 

. 16 

2 

800 

2000 

FpirhpnVs-Morflp 

ft 

9 

ftOO 

9.000 
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LUBRICATING OIL SPECIFICATIONS 


ARMY HEAVY-DUTY ENGINE OIL SPECIFICATIONS 

Oil, Engine, for Use in Automotive Gasoline and Diesel Engines 
U. S. Army Specification No. 2-104B (Condensed) 

(Reprinted from National Petroleum NewSy P. R300, July 7, 1943) 

D. GENERAL REQUIREMENTS 

D-1. Engine oil shall be noncorrosive to bearings and engine parts, 
shall not cause or permit piston ring sticking or clogging of 
oil channels and shall minimize cylinder and ring wear. 
This engine oil shall provide satisfactory lubrication of 
high-speed, automotive-type gasoline, Diesel, or spark 
ignition fuel engines when operated under all conditions of 
service. Additive agents, if used, shall not appreciably 
increase the tendency of the base oil to foam. 

D-2. Additive agents, if used, shall remain uniformly distributed 
throughout the oil at all temperatures above the pour point 
up to 250° F. If the oil is cooled below its pour point, it 
shall regain its homogeneity on standing at a temperature 
of not more than 10° F above the pour point of the oil. 

E. DETAIL REQUIREMENTS 

E-2. Engine oils covered by this specification sluill b(^ in accordance 
mth the following: 


Test liiinits 


Test 

Grade 
SAK 10 

Grade 
SAK 30 

Grade 
SAE 50 

Viscosity, Say ho It Universal 

Seconds at 130° F. 

90 to less 
than 120 

185 to less 
than 255 


Seconds at 210°F.1 

95 to less 
than 105 
75 

15 

400 

Viscosity Index, ininiinutn. 

Pour Point, ° F, maximum. 

Pour Point after dilution with 20 per cent 

Precipitation Naphtha ° F, maximum. 

Flash Point ° F, minimum. 

85 

minus 10 

minus 40 
300 

55 

0 

minus 40 
390 
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F. METHODS OF TESTS 

F-3. Qualification Tests, All engine oils procured under this 
specification shall be tested for qualification as follows: 


Required when the finished engine 
oil uses an additive not previously 
used in an engine oil qualified by 
the Ordnance Department. 

SAE 10 GRADE 

1. Chevrolet 36-hr Oxidation Test 

2. Caterpillar Test No. 1-A 

3. Caterpillar Test No. 2-A 

4. Caterpillar Test No. 3-A 

SAE 30 GRADE 

1. G. M. Diesel 500-hr Test 

2. Chevrolet 36-hr Oxidation Test 

3. Caterpillar Test No. 1-A 

4. Caterpillar Test No. 2-A 

5. Caterpillar Test No. 3-A 

SAE 50 GRADF 

1. Chevrolet 36-hr Oxidation Test 


Required when the finished engine 
oil uses an additive previously 
used in an engine oil qualified by 
the Ordnance Department. 

SAE 10 GRADE 

1. Chevrolet 36-hr Oxidation Test 

2. Caterpillar Test No. 1-A 

3. Caterpillar Test No. 2-A 


SAE 30 GRADE 

1. Chevrolet 36-hr Oxidation Test 

2. Caterpillar Test No. 1-A 

3. Caterpillar Test No. 2-A 

SAE 50 GRADE 
1. Chevrolet 36-hr Oxidation Test 




INDEX 




INDEX 


A 

Abnormal crankcase deposits, 300 
Additive oils, precautions with, 207 
Advantages of Diesels, 1-2 
Air-cell, 155-156 
Air-fuel ratio, 5 
at part loads, 8 
Air injection engine, 68 
Fulton Dies(*l, 68 
Air starting systems, 00 
Fairbanks Morse engine, 00 
Air storage chamber, 140 
Air tanks, 80 
Air turbulence, 18 
Alignment, 105 
connecting rod, 105 
methods of checking, 182-183 
piston, checking, 185 
Alloy pistons, 60 
Aluminum alloys, 100 
American Bearing Corporation, 267 
Application, 35 
Ash content, 31 (i 
Atomization and viscosity, 331 
Auxiliaries, 212 
inspection of, 212 

B 

Babbitt bearings, 285 
rebabbitting, 282 
Babbitting bearings, 280 
Bacharach pn'saun* indicator, 01 
Bearing failunvs, 264 
due to fatigue, 265 
due to foreign particles, 270 
miscellaneous, 271 
Bearing maintenanc<‘, 273-280 
Bearing materials, 110, 276, 281 
requirements for, 276 
tables of composition of, 268 
Bearing pressures, 42, 271 
Bearing problems, 264-274 


Bearings: 

babbitting, 281 

bond strength between shell and lin¬ 
ing of, 260 

checking, 182, 184, 187, 188, 285 
connecting rod, wear limits for, 270 
corrosion of alloy, 269 
effect of supercharging on, 277 
(‘ffect of worn, 275 

hardness-temperature* relations of, 
alloys for, 268 
improper assembly of, 270 
improvem(‘nts in, 66 
lubrication of, 273 
oil grooves in, 280 
precision-type, 281 
pressures of, 271 
scraping, 275 
Bearing wear, 286 

Brake mean effective pressures, 144 
Breakage of parts, 116 
Bridge gauge readings, 192 
Briggs clanfK'r, 306 
installation of, 308 
Bronzes, 110 

C 

Carbon residue, 316 
Cast iron, 102 
properties of, 133 
strength of, 102 
tables on annealing of, 131 
(\*ntrifugal purification, 298 
C\*tane number, 22, 317 
effect of, 323 

Characteristics of engines, 51 
Fairbanks Morse, 51 
(Jein*ra) Motors, 51 
Cluiberson, 48 
Hamilton H.O.H., 52 
Chemistry of combustion, 10 
Chromium plating, 112 
Classes of fuel pumps, 167 
361 
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INDEX 


Clean fuel, importance of, 73 
Clearances: 

connecting rod bearing, 282 
in Cooper-Bessemer engines, 179 
piston to cylinder head, 195 
ring, 237 
table of, 212 
('Ombustion: 

and Diestd knock, 22 
three stages of, 162 
('ombustion chambers: 
air-cell, 155 

air velocity through, 171 
deposits in, 335 
design of, 139 
Open, 137 
vaporizing, 157 
Combustion problems: 
cylinder, 329 
exhaust smoke, 330 
smoke limit, 330 
summary and check list of, 332 
Combustion systems: 
comparison of, 145 
(controlled turbuhmce, 153 
d(ivelopment of, 70 
factors in (‘conomical operation of, 
144 

Mack-Lanova, 155 
mixing-chamb(*r class of, 71 
objects of d<\sign of, 149 
Palmer Marine engine, 169 
progressive turlmhcnce, 152 
spark ignition—find inj(*ction, 138 
turbuleiKce, atomization, and vapori¬ 
zation in, 147 

( 'Ompn\ssion and hrir^g pressures, 92 
(vompression-pn^ssure: 
and chcarance volume, 16 
and temperature, 9 
(vormecting rod assembly, Htaidy, 246 
('Onnecting rod bearings: 
marine, 281 
pnissures in, 272, 282 
types, 282 

Connecting rods, 128 

(checking alignment of, 195 
design of, 128 
Hendy-type, 265 
materials for, 128 

maximum allowable el(*arances for, 
282 

Constant volume, fuel burned at, 23 
(Construction: 
and design, 99 


Construction (cord.): 
of engine frames, 43 
of tiorods, 45 

(Contamination of lubricating oils, 290 
Coolers for lubricating oil, 75 
Cboling of liners, 258 
("ooper-BesseriKT engine: 
cl(Mirances and wear limits for, 179 
dual-fuel developments in, 53 
photograph of, 283 

(Crankpin bearings, che(!king chmrances 
of, 188 

(Crankpin bolts, checking, 193 
('rankpins: 

round ness of, 194 
typ(?s of, 280 

Oankshaft bearings, out-of-line, 275 
C-rankshafts: 
design of, 127 
fractures in, 189 
H(mdy, 109 
insp(‘ction of, 189 

use of strain gauge for checking, 190 
('urnmins l)i(5S(4: 

injection systems for, 159 
injectors for, 159 
spcicifications for, 40 
Cylinder heads, 124 
H(>ndy, 129 
(Cylinder liners: 

causes of wear of, 261 
C()iinterl)or(Hi, 258 
distortion of, 258 
limits of wear of, 252 
problems of, 67, 257 
rcplacenu'nt of, 186 
separate, 256 

Cylinder pnjssures and (ixhaust teni- 
peratuHis, 93 
Cylinders: 

materials for, 121 
oim-pi(^c(;, 256 
two-cycle ports in, 258 
Cylind(T wall finish, 251 
('yli’ider wear, 247 
causers of, 261 
limits of, 252 

D 

Day-tank insp(ic.tion, 92 
Delay p(;riod, 313 
De{X)sits: 

abov(? top ring, 226 
in ports, 251 
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Design: 

crankshaft) 127 
cylinder, 121 
cylinder head, 124 
developments in, 35 
early, 58 
effect of new, 18 
engine frame, 121 
improvements in, 16 
liner, 123 
piston, 124 
piston rod, 125 
progress in, 16 
Detergent oils, 296 
Development of Diesels, 35 
Diesel cycle, 9 
Diesel (mgines: 
advantages of, 1-2 
design of, 16, 18, 35, 58, 121-127 
disadvantages of, 3-4 
indicator diagrams for, 26 
knock in, 22 
Mack-Lanova, 44 
, materials us(m1 in, 102 
opposed piston, 26 
pancakes, 25 

Dilution of lubricating oils, 303 
influence of idling on, 303 
prevention of, 303 
Disadvantage's of Diiisels, 3-4 
Distortion of rings, 224 
Drain periods, lubricating oil, 296 
Dual-fuel developments, 53 
Cooper-Bessemer, 53 
Nordberg, 56 

E 

Effect of supercharging, 277 
Efficiency: 

Diesel, 14 
gasoline engine, 13 
Energy chainb(?rs, 154 
Engine deposits, 317 
Engine parts: 

application and design of, 121, 212 
chaiig(is in, 39 
weight of, 37 
Engines: 
care of, 82 
construction of, 39 
development of, 35 
Excess air, 12-13, 21 
Excessive lubricating oil, 303 
Excessive oil consumption, 308 
Exhaust color and loads, 83 


Exhaust smoke, 323, 330-331 
Exhaust temperature, 83 
Exhaust valve clearances, 196 
Exhaust valve oiling, 80 

F 

Failure of parts, 115, 120, 265 
Fairbanks Morse engines: 
air starting systems in, 90 
chara(!teri8tics of, 51 
closed cooling system in, 79 
development of, 35 
fuel system of, 84 
lubricating oil system of, 86 
raw-vrater cooling system for, 81 
Filters: 

for lubricating oils, 298 
intake air, 73 

First stage of combustion, 162 
Foaming, 297 
Forgings, 108 
Frame construction: 
light, 46 
types of, 43-49 
V-typo, 44 
welded, 100, 103 
Fresh water, ^ 

Fuel-air ratio, 5 

Fuel burned at constant volume, 22 
Fuel consumption: 
on volumetric basis, 322 
on weight basis, 322 
specifics, 320-322 
Fuel distribution and burning, 2 
Fuel economy, 1 
Fuel injection: 

difficulties in, 14, 331 
. methods of, 136 
pressure-time diagram for, 164 
temperatures and pressures during, 
160-161 
Fuel mixing: 
in the Diesel, 148 
problems in, 10 
Fu(‘l oil problems, 89 
Fu(4 oil supply, 80 
Fuel pumps: 
classes of, 167 
Dorrier, 165 
Hendy, 170 

Fuel requirements, 316, 326 
Fuels: 

atomization and viscosity of, 331 
cetane, 22 
classification of, 314 
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Fuels {cotU.): 
engine deposits from, 317 
for air-injection engines, 36 
heavy, 327 

injection difficulti(^s with, 14, 331 
late-burning, 327 
properties of, 312, 313 
quality and delay periods of, 312 
specifications of, 315 
test, 318 
viscosity of, 324 
Fuel specifications, ASTM, 314 
Fuel systems: 
block-type, 74 
common rail, 74 
design of, 130 
Fairbanks Morse, 84 
individual pump, 74 
materials for, 130 

preparation of fuel for combiistion 
in, 160 

(1 

Gap leakage, 225 
methods of reducing, 225 
Gas-Diesel: 

Cooper-Bessemer, 54 
.Nordberg, 56 
Gas injection, 58, 60 
General Motors marine engine, chara<?- 
teristic.s, of, 50-51 
Governor lubrication, 80 
Grease fittings, 91 
Guiberson Diesel: 
characteristics of, 48 
photograph of, 57 

H 

Heat stresses in pistons, 242 
Heat treating, effect of, 119 
Heavy fuels, 327-328 
Hendy Dhisel: 

connecting rod assembly for, 246 
crankshaft and bed for, 109 
cylinder head for, 129 
fuel pump for, 170 
main bearings for, 266 
piston and ring assembly for, 234 
Hesselman engine, 43 
High compression pressures, 93 
High compression ratio, 5 
High lubricating oil temperatures, 308 
Horsepower, 37 


I 

Ignition lag, 20 

Ignition quality and delay pc»riod, 312 
Injection systems: 

Cummins, 159 
direct, 70 
Inspection: 

air compressor, 215 
air storage tank, 216 
and testing, 101 
auxiliary, 212 
cooling system, 215 
cooling system pump, 215 
cylinder liner, 247 
electrical starting equipment, 215 
fuel oil storage tank, 216 
generator, 215 
heat exchang£*r, 215 
main engim;, 200 
procedure for, 200 
records of, 249 
relief valve, 216 
removal of parts for, 202 
n^port of, 231 
switchboard, 215 
Installation: 

of Briggs clarifier, 306 
of piston rings, 228, 235 

J 

Jerk pump system, 167 

K 

Knock, fuel, 22 

L 

Lack of powtT, 334 
Liners: 

(!aus(;s of wear of, 258, 261 
fitting, 260 
inspection of, 247 
light water jackets for, 46 
ineasurcunents of wear of, 249 
methods of finishing, 260 
precautions when installing, 256 
removal of, 260 
scuffing and scoring of, 260 
Log sheets, 77 

Low compression pressures, 93 
Low compression spark ignition, 138 
Low firing pressures, 93 
liOW lubricating oil pressures, 303 
Lubricating oil: 
consumption of, 79 
contamination of, 290 
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Lubricating oil (con^.): 
cooling; 75 
deposits in, 295 
dilution of; 303 
filters foF; 91, 299-300 
foaming of; 297 
frequency of draining; 296 
organic acidity of, 302 
oxidation of, 293 
pressure of; 72, 89, 305 
strainers for, 82, 89 
Ijubrication: 

check list for troubles with, 308 
Fairbanks Morse system of, 86 
recent developments in, 298 
routine problems in, 303 
valve stem, 72 

M 

Mack-Lanova Diesel: 
diagram of, 44 
specifications for, 47 
Main bearings: 
maintenance of, 267, 276 
precision-type, 266 
pressure of, 272 

Maintenance procedure, 3, 176, 177, 
236, 273 

Maximum pressures: 
and compression ratio, 9 
and net w^ork, 24 
of piston pin bearings, 272 
Measurement of pistons, 249 
Mechanical proper!i(\s of metals, 133 
Metallurgical advances, 48 
Mixing, fuel and air, time of, 19-20 

N 

Net work, 6, 11, 24 
Noisy operation, 4 
Normal firing pressures, 94 

O 

Oil (see Lubricating oil) 

Oil grooves in bearings, 280 
Oil purifiers, 76 

Open combustion chamb(Ts, 65 
Operation and maintenance guide, 76 
Opposed piston engine, 26 
timing diagram for, 29 
Organic acidity, 302 
Otto cycle indicator card, 26 
Overhaul procedure, 177-179 
Overspeed devices, 91 
Oxidation: 
factors in, 293 
nature of process of, 294 


P 

Palmer marine engine combustion sys¬ 
tem, 169 

Pancake engine, 25 
Piston pins and bushings: 
checking bore of, 183 
design of, 126 
materials for, 126 
pressun* of, on bearings, 272 
Piston rings: 

back clearances for, 224 

checking alignment of, 185 

checking diametrical tension of, 237 

cleaning carl>on deposits on, 233 

deposits on, 229, 233, 336 

design of, 126 

distortion of, 224 

failure of, to seat, 22 

fitting, to grooves, 238 

flexibility of, 218 

flutter of, 233 

form for inspection of, 194, 223 
friction of, 221 
functions of, 218 
heat problems in, 69 
gap and side clearances for, 231 
improvements in, 70 
inspection of, 225 
installation of, 228, 235 
materials for, 126 
nomenclature of, 218 
number of, 221 
removal of stuck, 224 
rule for clearance's of, 236-237 
scuffing above, 230 
sc»aling action of, 221 
seating of, 221 
side clearances for, 222, 230 
special designs for, 235 
sticking of, 226-227 
tension or pre^ssure of, 218 
testing for leakage of, 223 
view' of assembly of, 234 
weight of, 41 
Piston rods, 125 
Pistons: 
alloy, 69 

distortion of, 244 
example of cooling, 255 
heat stagnation in, 243 
heat stresses in, 242 
Hendy, 248 

meiasurement of wear on, 249 
new, 245 

reclamation of, 259 
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Pistons (cofU.): 
repair forms for, 250 
repair of stuck, 245 
requirements for, 124 
seizure of, 244 
speed of, 41 
Poor combustion, 333 
Power output, methods of increasing, 20 
Precision bearings, 281 
Precombustion chambers, 65, 139 
positive, 158 

with directed air turbulence, 138 
Preignition chambers, 150 
Premax (Bacharach) indicator, 91 
Pressure: 

adjustment, lube oil, 305 
bearings, 42 

compression and firing, 92 
lubricating oil, 72 

l^ressure-time diagram for fuel injec¬ 
tion, 164 

Preventives maintenance schedules, 89 

Principles of eiperation, 5 

Problems of mixing and ignition lag, 20 

Q 

Quality and delay period fejr fue.*!, 312 

B 

Records of inspection, 249 
Ring sticking: 
degrees of, 227, 228 
summary and check list for, 239 
Rods, alloy, 49 

S 

Scavenging, uniflow, 27 
Scraping bearings, 276, 284 
Scuffing above top rings, 230 
Seating of rings, 22, 221 
Second stage of combustion, 162 
Separate liners, advantages of, 256 
Shafts, fractures of, 189 
Shouldeiring in ring grooves, 222 
Single combustion chambers, efficiene^y 
of, 140, 141, 142 
Slueige in engine, 291-295 
Smoke, 324, 330, 334 
Special ring designs, 234, 317 
Specifications: 

of Cummins Diesel, 40 
of General Motors Diesel, 38 
of Guiberson Dic^sel, 40 
of Mack-Lanova, Diesel, 47 
Starting procedure, 304 
at low temperature, 317 
Steel castings, 105 


Strain gauge, 189, 190 
Structural steel, 106 
Stuck lings: 

form for inspection of, 225 
loosening, 238 
removing, 224 
repair of, 245 

Sulfur content of fuels, 316 
Supercharging, 27 
advantage's of, 50 
disadvantages of, 49 
effect of, 253, 277 
Surface ignition engine, 68 

T 

Teardown inspection reports, 194 
Temperature during injection, 160 
Temperature records: 
exhaust, 83 
water, 82 

Test engine specifications, 319 
Testing for leakage of rings, 223 
Thermal efficiency, 15 
Tie-rod construction, 45 
Timing diagram, opposed piston, 29 
Top overhaul, 92 
Turbo(;harger, 29 
Two-cycle ports, 258 

U 

Uniflow scavenging principh^, 27 
V 

Valves, 41, 46, 129 

Vaporizing precombustion chambers, 
157 

Velocity of air in combustion chambc*r, 
171 

Vibration of rings, 233 
Viscosity and volatility, 323 

W 

Water temperature records, 82 
Waukesha engine, 156 
Wear: 

of engine parts, 118 
of liner, 247 
Wear limits: 

connecting rod bearing, 270 
cylinder, 252 
Weight and space, 41 
Welded Diestd frames, 100 
Weldetl frame, Hendy engine, 107 
Welded steel block, 113 
Welding, 114 

Work of compression and expansion, 6 






